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L. INTRODUCTION

Many aerospace launch vehicles and spacecraft utilize hypergolic pro-
pellants which are toxic and corrosive, and require special storage, loading
and waste disposal systems. The waste disposal systems, _for both liquid and
vapors, are of especial concern due both to problems of maintaining the quality
of the environment, and the changing nature of launch operations that will
accompany the advent of the Space Shuttle.

The purpose of this study was to review and evaluate existing propellant
disposal methods, to define and investigate new methods where appropriate,
and to perform application studics on the implementation of various disposal
concepts for Space Shuttle requirements. The specific waste products of
concern were liquids and vapors of the following seven hypergolic propellants;

(1) Nitrogen Tetroxide (N,,O 4" N02)
ST
(2) Inhibited Red Fuming Nitric Acid (IRFNA, HNO, + NO,, &
k HZO + HF)

(3) Hvdrogen Peroxide (H202)
() Anhvdrous Hydrazine (NZH 4
(5) Monomethy! Hydrazine (MMH, CH3N2H3)

(6) Unsymimetrical Dimethylhvdrazine (UDMH, (CH?)2N2H2)

(7) Acrozine 50 (50% Nyl - 50% UDMH)

The study was divided into three phases. Phase 1 had as its purpose
identification of the current, state-of-the-art liquid and vapor disposal methods
for these seven propellants. Included were a literature search, contacting
manufacturers and users of the propellants, contacting manufacturers of
waste disposal equipment, and compilation of the accumulated information in

a form suitable for evaluation in Phase 2. We were concerned with the



RN

tochniques currently practiced or recommended by manufacturers and users
of the specifiod hypergolie propellants for disposing of contaminated and
waste liquids and vapors, and also those techniques which had been dis-
carded for onpe reason or another, and drawing board ideas being developed.
Phase 1 was not an environmental study, and was not directly concerned
with the effect of any of these disposal methods on the environment. Rather,
it was an engineering study concerned with learning the technical details of
the equipment and procedures used by various organizations for hypergolic
propellant disposal.

Phase 2 was concerned with evaluation of these current disposal
methods, primarily in terms of their effect on the environment. Even here,

the emphasis was on identifying requirements for new technology and methods
suitable for continued use, rather than on identifying any specific current

environmental problems. Economic factors were also taken into account.

The original intention was that Phase 3 concentrate on disposal problems
for which current methods are not acceptable for continued use--within the
context of prolonged use and increased use rates. The Phase 2 evaluations
indicated, however, that while some individual methods are not acceptable
for continued use, acceptable mecthods do exist for disposing of all of the
hypergolic propellants, both in liquid and vapor phases. For this reason there
was some change of emphasis from the original plan, with major effort
devoted to new alternative disposal concepts that might offer substantial
benefit relative to existing acceptable disposal methods. In addition, studies
of some of the existing methods were carried a step farther to consider design
criteria and provide additional guidelines for future designers; and specific
shuttle-related disposal requirements at KSC and contingency landing sites

were studied.

Our Final Report is presented in five major sections. This section, the
Summary Report, is intended to be a concise presentation of the important
results of the study. Following sections present the detailed results of each
of the three phases of the study, with two sections devoted to Phase 3 because
of the eventual broad scope of that portion of the study, and the extensive and
diverse nature of the results.



1. SIGNIFICANT RESULTS

A, PHASE |

Our purpose in Phase 1 was (o ascertain and catalog what is currently
being done to dispose of hypergolic propellants. To this end we contacted
chemical manufacturers, users of propellants, disposal equipment manu-
facturers, and assorted organizations we fclt might have suggestions
regarding this problem.

We found that the most widespread mcans of treating all of the listed
propellants for disposal is dilution followed by neutralization. Wherever
possible, both fuels and oxidizers are transferred to the same holding ponds
to be neutra.lizéd. Hydrazine and N20 4 vapors are often vented to water
scrubbers, and the contaminated water is then transferred to the same
holding ponds. Incinerators are used for hvdrazine liquid wastes, and flare
burners for NZO 4 Vapors. N20 4 liquid can be allowed to vap;)rize at a.)
atmospheric pressure and disposed through a scrubber or flare burner.
Open pit burning is still used to some extent for hydrazines, and is recom-
mended by some authorities, subject to certain precautions. Vapors - both

fuel and oxidizer - are commonly vented to the atmosphere.

The hydrazines seem to be regarded by most organizations as the
substance presenting the most serious disposal problem. Methods of disposal
for the nitrogen-based oxidizers were found to be less elaborate and rigorous.

Hydrogen peroxide disposal is a relatively minor problem.

In addition to destructive disposal, there were found to be possibilities
for recvcling some of the waste propellants, and for converting others to
useful purposes. Use of the oxidizers to produce fertilizer seems feasible,
and the hydrogen peroxide could be a valuable oxygen source in sewage
trcatment, and is also being considered as a replacement for chlorine in the
later stages of water treatment.

Detailed results of the study are recorded in the section of this report
devoted to the "Current State of the Art." Included there are both current T

practices and recommendations from various sources. The following paragraphs

present these results in a more succinct fashion, rather than separating the
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information according to source. Here the propellants will be divided into
four categories: hvdrazines, hvdrogen peroxide, nitrogen tetroxide, and
inhibited red fuming nitric acid. The reason for combining the hydrazines is
that the differences in disposal methods between the various hydrazines were
so minor that there is little reason to discuss them separately. Detailed
thermochemical descriptions of the various disposal methods are presented
later in this report, in the section devoted to '"Evaluation of Current Disposal
Methods. "

1I.A.1l. Hydrazines

a. Incineration

Two organizations are currently incinerating aqueous solutions of
hvdrazines (and, in one particular instance, a solution of MMH in isopropyl
alcohol). One incinerator uses natural gas as primary fuel and maintains a
flame temperature of 1900 F; the other uses diesel fuel and maintains 2700 F
or higher (3200 F was also mentioned).

A third organization has developed (and is marketing) a more specialized
incinerator capable of disposing of raw liquid hydrazine. A research program
carried out under Air Force sponsorship demonstrated the effectiveness of
this incinerator in disposing of the hydrazine cleanly and efficiently, with
acceptably low formation of oxides of nitrogen and other undesirable products.

An extensive Studyl of the disposal of hazardous wastes (hereafter referred
to as "the TRW study') recommended controlled incineration for the disposal
of hydrazine, with effluent scrubbing to eliminate any ammonia formed in the
combustion process,

b. Neutralization

A number of organizations dispose of hydrazines by dilution followed by

neutralization. The manufacturers recommend neutralization using calcium

1R. S. Ottinger, J. L. Blumenthal, D. F. Dal Porto, G. I. Gruber,
M. J. Santy, and C. C. Shih, '"Recommended Methods of Reduction,
Neutralization, Recovery or Disposal of Hazardous Waste." Report No.
21485-6013-RU~00, TRW Systems Group, 1 February 1973, prepared for
Environmental Protection Agency, Contract No. 38-03-0089. (See especially
Vols. I, XII).



hypochlorite or a dilute solution of hydrogen peroxide, catalyzed by a trace
amount of copper sulfate. Dilulc hydrochloric or sulfuric acid is also
recommended in the case of MMH, and atmospheric oxygen in the presence

of copper salts for N2H4.

The catalyzed hydrogen peroxide reaction is currently being used by
several of the organizations contacted, but not, as far as we could ascertain,
the hydrochloric or sulfuric acid reactions. Two
organizations precede the hydrogen peroxide reaction with a sodium hydroxide
reaction, and at least one uses sodium hydroxide alone to treat dilute hydrazine
wastes. Also used for neutralization purposes are dilute nitrogen tetroxide,
sodium hypochlorite, and hydroxyacetic acid. Nitrogen tetroxide is used
quite commonly since the same holding ponds are used for both fuel and -
oxidizer wastes.

Hydrazine vapors are often sent through water-spray scrubbers, and

the water then treated by one of these neutralization reactions.
c. Air Oxidation and Decomposition N

Diluted with water and left in a holding pond, hydrazine will gradually
decompose as a result of air oxidation and bacterial action. This process was
a little difficult to separate from chemical neutralization in evaluating the
results of the survey, since it inevitably occurs whenever hydrazine is present
in a holding pond and it is quitec likely that cven if neutralization is the "official"
disposal method, operators will have learned that less chemical is required
if it is not added too hastily.

Decomposition can be speeded by use of a catalyst, such as copper sulfate
or iron oxide, and by aeration - either bubbling air through the pond, or spraying
water from the pond into the air in a fountain. At least two organizations are
using aeration ponds of the former type to decompose hydrazine, and another
is experimenting with a spray pond. All three use catalysts in conjunction
with the aeration.

d. Catalytic Decomposition

In addition to the use of catalysts to speed reactions in dilute

solutions, it is also possible to use catalysts directly to speed W



the decomposition of raw N2H 1 and MMH liquids, and of vapors. Such
catalysts would be expected to be relatively expensive, although not nearly
so expensive as onecatalyst used in hydrazine monopropellant thrusters
and auxiliary power units, Nickel catalysts at approximately $5 per pound
are most commonly mentioned, and the TRW study mentions the possibility
of a new low-cost catalyst that might merit further study; this catalyst, we

learned, is molybdenum based.

Although copper sulfate and iron oxide are commonly used as catalysts
in holding ponds, direct catalytic decomposition of undiluted liquids or vapors

is not currently being employed, as far as we could ascertain.
e. Open Pit Burning

Open pit burning is recommended by the manufacturers for disposal
of large quantities of hvdrazines, and is still in fairly widespread use, although
it seems to be much less prevalent now than several years ago. The TRW
study labeled this method "generally acceptable' but warned of excessive
NOx generation. Concentrations less than 40% are not combustible at

atmospheric temperatures. .

f.‘ Other Methods

Direct reaction of undiluted hydrazine with undiluted N20 4 has been used
by at least two organizations. Mixing small quantities of slightly out-of-
specification hydrazine with large amounts of non-contaminated hydrazine
is an alternative to disposal where the volumes arc large enough to make this
feasible. Filtration to remove suspended particulate matter can also return
hydrazine to specification. Return to a chemical company is a possibility.
Venting of vapors to the atmosphere is common, often with more or less
elaborate precautions, including consideration of mixing models, etc.

Dilution followed by pouring on the ground is used, but probably not to any

great extent.”

1I.A. 2. Hydrogen Peroxide

Neither the manufacturers nor the TRW study recommends anything more
elaborate than dilution with water and pouring on the ground or into a drainage



svstem, and these procedures are commonly followed. One organization
speeds the decomposition using a catalyst - cither platinum or silver screen

in the case of small quantitics, or NaOll for larger quantitics.

Disposal of significant quantitics of ll2()2 might not normally be

necessary in view of its possible application in sewage treatment plants.

1I. A.3. Nitrogen Tetroxide -

a. Incineration

Nitrogen tetroxide can be consumed in combustion with a hydrocarbon
fuel, usually in the presence of air. Although a variety of large incinerators
have been used in the past, at present this form of disposal invariably involves
a flare burner in which propane and nitrogen tetroxide vapors mix at the
exit plane of the burner and react; the burner is operated in a fuel rich mode
and the atmospheric air surrounding the primary reaction zone apparently
reacts with the excess fuel to prevent undesirable hydrocarbon emissions.

These units have been installed in at least four facilities around the country.
b. Neutralization . \.‘,)

The most common means of disposing is dilution followed by neutralization.
The manufacturers recommend soda ash‘, lime, or other alkali for neutralization.
Substances used by the organizations contacted also include sodium carbonate,
triethanolamine, and sodium hydroxide. Several dilute and add the mixture to

the same holding ponds used for hydrazines.

Vapors are sometimes treated in water-spray or baking soda scrubbers,
or bubbled through water. The water effluent is sent to holding ponds to be

ncuiralized as above.
c. Other Methods

Some waste NO 4 has been returned to the manufacturer. Vapors are
often vented to atmosphere, sometimes with more or less elaborate precautions

(as with the hvdrazines.)
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II.A.4. Inhibited Red Fuming Nitric Acid

At the present time, there seems to be no significant IRFNA disposal
activity in this country, although scveral organizations have had considerable
past experience with IRFNA. Neutralization of IRI'NA is essentially the same

as neutralization of N20 xcept that an additional step is necessary to

s €
precipitate the fluoride :ontent. Disposal in a combustion reaction is also
similar to the N20 4 €288, except that the product gases might need to be
treated by water scrubbing to avoid HF emissions. Except for the HF
inhibitor, IRFNA disposal presents the same set of problems, albeit on a

smaller scale, as those faced by the nitric acid industry.

The TRW study mentioned the possibilities of reaction with ammonium
hydroxide to form an ammonium nitrate solution which can be used as a
fertilizer, and steam distillation to yield concentrated acid.

B. PHASE 2

The purpose of Phase 2 was to evaluate the current disposal methods
identified in Phase 1, on the basis of effectiveness

in preventing the release of harmful constituents to-the environment.

’l‘ableél through IV on the following pages present, in summary form,
our cvaluation of the disposal techniques currently in use. We have assigned

ratings as follows:
A - Acceptable; no reservations
B - Acceptable; slight reservations
C - Acceptable; major reservations
D - Not Acceptable except under very special circumstances
F - Not Acceptable under any circumstance.

For hydrazines, both incineration and pond oxidation were given "A™
ratings as means of disposing of the liquid phase. In addition, treatment with
hydrogen peroxide was rated "B", and three other neutralization treatments

were rated "C'". The only generally acceptable current method of disposing



of hvdrazine vapors is by scrubbing, which was rated "B". Scrubbing of k-\
course results in a liquid effluent that still must be disposed of by oxidation

or ncutralization.

Several neutralization reactions for liquid N20 4 were rated "B", as
was simple water dilution. Incineration, a potentially good disposal method,
has not been adequately demonstrated for liquid oxidizers, but flare burners
were given an "A' rating for vapor disposal; vapor scru_bbing was rated "B'.
All of the chemical treatments involve addition of other substances, in large
quantity, that must also be disposed of ultimately. This secondary disposal
problem is a significant disadvantage for these methods unless the products can

be  used as fertilizer rather than being discarded.

Disposal methods, and ratings, are essentially the same for IRFNA as
for N20 4 except that flare burners have not been designed for IRFNA to
date (and this substance might represent a more difficult incineration problem),
and a fluoride-precipitating agent is required in both the neutralization and
simple dilution cases.

In dilute form, hydrogen peroxide is environmentally beneficial;
decomposition, discharge to ponds or streams, and direct venting were all

given "A'" ratings.

These ratings were made on the basis of effectiveness of the disposal
method and the environmental impact of the effluent. Other factors, such
as worker safety and economic considerations, were taken into account
where possible, but never as major factors. Quantitative rankings were
considered, but not attempted since it was felt that true rankings are very
application-dependent, and that any attempt on our part at ranking would tend
to be misleading. For example, both incineration and oxidation ponds were
given A" ratings for disposal of liquid hydrazines. In any given application,
one might be quite preferable to the other, but the choice would have to be
made on the basis of a number of factors such as land availability, frequency
of disposal and quantities, the nature of other activities taking place in the
same area, eic. For the sake of this study, both are judged to be very
effective and environmentally safe ways of disposing of liquid hydrazine; to

10 o



go farther and say one is generally preferable to the other would be to ignore
the varving conditions and needs that might exist, and to do a disservice Lo

future engineers who might have Lo justify usc of the lower-rated system.

In cases where secondary disposal is required, the ratings arc on the
primary sysiem only - that is, they assume the most efficacious means of
sccondary disposal will be used. This question arises primarily in connection
with the formation of nitrates and nitrites from the neutralization of N20 4
or IRFNA. These nitrates and nitrites are in one sense a very valuable
by-product, needed by the agricultural industry as fertilizers, but on the
other hand thev are environmentally quite hazardous if "dumped" into a
river stream or lake, or even on land in any great concentration. Our
ratings of 'B'" for most of these neutralization methods (and the related
vapor scrubbing methods) are based on the assumption that these secondary
products are put to good use as fertilizer, and spread over a very wide area,
rather than discharged directly to flowing water or groundwater. Otherwise,
ratings of "C'" or '"D'" would apply.

11
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TABLE 1. OVERVIEW AND RATINGS - DISPOSAL OF ana.

O

p

MMH, UDMH AND AEROZINE 50

LIQUIDS VAPORS ¢
Additional Adaditional
Type of Treatment |Overall Evaluation Restrictions Work Req'd verall Evaluation Restrictions Work Req' Comments
Incineration A "SUE'" unit, or compar- None Potentially acceptable, but | The fact that hydrazine Design Significant cperaticnal advan-
Acceptable for both able. Conventional large unproven vapors are usually mixed |Developmernt [tages over chemical neutral-
large, amall quantities type units have undesir- No rating given with nitrogen or other Testing ization.
able start-up, mainten- ullage gas is a problem. Dilute (H,0) solutions are
. ance, and aux. fuel con- suitable m:. large convention-
sumption characteristics al type units only
Open Pit Burning D Requires remote site, None Not applicable Judged ‘geverally accepable’
Unacceptable for rou- special precautions in TRW Study and recom-
tine disposal r mended by chemical industry.
Treatment with B -Dilution with H,O req'd None Not applicable Possible problem =ith
ENON Acceptable subject to -Low rate becaube of ammonia release
adequate means for heat release
secondary disposal ~Secondary disposal
problem
Treatment with c -Dilution with HaO req'd None Not applicable
Ca (Cl 0, Acceptable subject to ~Low rate because of
adequate means for heat release /
socondary disposal ~Secandary disposal ’
problem
Treatment with C ~Dilution with HoO req'd None Not applicable Equivalent to Ca iC10,,
NaOC!t Acceptable subject to -Low rate because of =
auequate means for heat release
secondary disposal -Secondary disposal .
\ . problem L
Treatment with Insufficient data - no ~Dilution with HyOreq'd |Additional ot applicable Recommended by manufac-
HCl | rating given ~Low rate because of data needed turer for MMH
‘ heat release if this meth-
-Secondary disposal od is to be
problem seriously
considered.
Treatment with (o] ~-Dilution Insufficient data - no Comparable to rocket
N0, . Higher rating would -Low rate None rating given, thrust chamber None (Not
apply if joint solution -Careful control to a promising
to two propellant avold NO release method of
disposal problems disposal)

"
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TABLE II. OVERVIEW AND RATINGS - DISPOSAL OF ZNO»

—j LIQUIDS VAPORS
Additional Additional
Type of Treatment [|Ove 'l Evaluation Restrictions Work Reqg'd foverall Evaluation Restrictions Work Reqd IComments
Incineration Poteutially acceptable, -Additional A -Needs ligquid-vapor Development,
ut not adequately demon- development Acceptable for large separator testing of
strated. and testing of . fand small quantities -Flare burner only "SUE" or com-
Note - that liquids can be "SUE" inciner- is acceptable at parable closed
eva, srated readily and Mﬂon DM.B— Qw—n present incinerators
incinf rated as vapors :Eu..wu 8pos
No 1ating E<o=. ~Flare Burner i
could be used
in conjunction
with evaporation
chamber, re-
quiring design,
development &
test.
Neutralization B , -Dilution withcopious None Not applicable - but
with zvnnOu cceptablg subject to water required see vapor scrubbing
adequate means for -Low rate because of 170—0! L
sect .dary disposal heat generation o
-Effluent may be toxic
and corrosive, and
requires ultimate
ground disposal
Neutralization B~ Same as above None Same as above
with NaOH cceptable subject to
adequate means for
secondary disposal - .
strong base presents Vi,
safety problem S
Neutralization B Same as above None Same as above
with NaH CO, Acceptable subject to ) :
adenuate means for
sec.ndary disposal
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C. PIASE 3 -

The purpose of Phase 3 was to investigate new alternative concept «
for propellant disposal, and to perform additional studies related to the

Loecniion of various disposal concepts.

Several new alternative concepts were studied, both experimentally
and theovetically. Especially favorable results were obt;ained in the
cases of vapor condensation and gamma irradiation. Direct vapor phase
addition of N20 4 to holding ponds was successfully accomplished using
porous plate spargers; if the vapor pumping requirements are not pro-
kibit've this method might be a viable alternative to the use of a scrubber
in some applications. Insoluble calcium carbonate was shown to have
distincl advantages as a neutralizing agent for N20 4 relative to the
commonly used water soluble reagents. Catalytic decomposition offers
several promising possibilities, but development and evaluation will require
@ relatively major research program. It was found, however, that common
copper sulfate and iron oxide catalysts are extremely beneficial when used : J
in conjunction with aeration. Ozone oxidation was Quite successful,

but might not be justified relative to air oxidation.

The application studies were basically of two types: those treating the
application of particular disposal methods, and those treating the application
of various disposal methods to specific disposal situations. In the former
category, primary attention was given to aeration and to fuel-oxidizer
reactions in dilute solutions, including laboratory work as well as
theoretical considerations. In addition, scrubber design criteria were
studied, and an experimental evaluation of the removal of fluoride from
dilute IRFNA solutions was performed. The second category of application
studies included waste handling and facility location considerations, fume
hoed design criteria, and a discussion of propellant disposal at contingency

landing sites.

Tables V, VI, and VII on the following pages present the results of
thiz phase of the study in summary form. Details are presented in the
fital two sections of this report, which deal with "Alternative Disposal

Concepts' and ""Application Studies', respectively. -
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TABLE VII.

3.

- 4.

6.

7.

Disposal Situation

Parts handling fume hoods

Dumping of propellants from
drum type containers.

Launch site

Orbiter processing facility

Hyvpergolic maintenance facility

End of runway

Contingency landing sites

Transportation of hypergolic
wastes from collection to
disposal sites

21

APPLICATION STUDIES ON DISPOSAL PROBLEMS

Nature of Study

Design considerations - evaporation
rates, flow rates, sizes. Use of
air mixing sections or scrubbers.

Consideration of commercially -
available, remote-control equipment.

Consideration and discussion of
alternatives. Recommended pond
location.

Scrubber size and flow rate recommen-
dations, and recommended pond
location.

Number, size, and flow rates for
fume hoods with scrubbers.
Recommended pond location.

Recommended pond or tank location
for emergency use.

Comparison of disposal methods, and
discussion. It is our conclusion that

a requirement exists for the design and
development of an air transportable
holding (reaction) pond.

Preliminary cost estimates for
various alternatives.



. RECOMMENDATIONS FOR FURTHER STUDY

A number of areas have been identified in this study where further

elfort is believed to be justificd by the possibility of significant advances in

waste propellant disposal technologv. These areas are listed below:

1.

2.

Vapor condensation. The greatest need, in terms of new disposal

methods, identified in this study is an alternative to water scrubbing/
liquid effluent treatment for hydrazine vapors. Analyses and
experiments indicated that recondensation looks very promising from
both the environmental and economic points of view. Continuation to
design and development phases seems well justified. The method

has the added advantage of being even more promising in the case of
N204 vapors, where the best current method, the flare burner,
requires a dependable supply of propane or other fuel and might have
other disadvantages: we have learned that the most recent and
extensive installation, at Johnson Space Center, was decommissioned :.)
almost immediately after becoming operational.

Catalytic decomposition. Another method that might be promising for

disposal of hydrazine vapors is direct catalytic decomposition. A
feasibility study is probably the next step here.

Holding ponds. A number of holding pond-related disposal techniques

are either in use, or have been investigated in this study. The next

step is to consider in detail the overall design of a holding pond to
receive both fuels and oxidizers, in varying amounts, making the best
use of aerators, circulation pumps, calcium carbonate layers, gamma
irradiation or ozone generation if necessary, and chemical neutralization
if necessary. Other considerations are the need for an impervious

liner to prevent seepage into the ground, the need for wildlife

protection (fences and perhaps some sort of dome) and provisions for
proper monitoring and control.

Combustion. Combustion devices identified in this study as being
desirable for certain propellant disposal problems have not been
adapted or tested for other propellants. The flare burner could

probably be developed for other oxidizer vapors besides N_O 4 and

2

22



.
Y

Y

possibly for fuel vapors as well. The SUE incinerator could perhaps
be modified for destruction of nitrogen-fuel vapor mixtures, and
another attempt could be made to apply this unit for oxidizer disposal.
This design could also probably be carried to a higher stage of
development with advances in nozzle design, secondary air injection,
etc., that would incorporate recently-developed combustor technology
from the gas turbine field.

Contingency landing sites. The design of an air transportable holding

pond-perhaps a number of modules that could be assembled on-site

to any required size--appears to offer the best solution to the problem
of propellant disposal at contengency landing sites. One problem

is selection of the best liner material. A combination of combustion
devices and scrubbers that could be flown to the point of need could
also be designed for this purpose, although this disposal approach is
dependent on the availability of a fairly large supply of auxiliary fuel
at each landing site. If one of these two approaches is not adopted,
disposal will probably have to rely on the possibility of excavating a
holding pond on the spot at the time of need.
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. THE ORGANIZATIONS CONTACTED

A. THE COMPILATION PROCEDURE

We first compiled an extensive list of both manufacturers and users of
the specified propellants from sources including Thomas Register, World
Aviation Directory, Aviation Week's '"Forecast and Inventory" issue of
19 Mayv 1973, miscellaneous library sources, personal contacts, and
suggestions made by NASA's technical review team. We included several
foreign organizations in the belief that it was possible that their approaches
might be substantially different from those in this country. Every effort
was made to make the list as comprehensive as possible, with the assumption
that we would elicit negative responses from many of the organizations -

especially some of the smaller chemical companies.

On the basis of what we knew of their activities, the initial list was
divided as follows (with sBome organizations involved with more than one pro-

pellant):
Hydrazines (all varieties): 43
MMH:
UDMH:
Aerozine 50: 9
Hyvdrogen Peroxide: 16
Nitrogen Tetroxide: 15
IRFNA:
_Catalysts:

In the interest of completeness the list also included disposal equipment
manufacturers from Thomas Register and pollution control and chemical
engineering journals. The fourteen chosen certainly did not constitute an
exhaustive list but, rather, represented organizations we believed most likely to
have been exposed to the problem of disposing of hypergolic propellants. Several

were subsidiaries of companies listed as users or manufacturers.
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AHogother, seventy nine organizitions were contneted at the beginning of
the study, thivty five of which were chemical companies.  ‘The loreign companics

and organizations were based in the following countries:

France:
Germany:
Britain:
Japan:

Sweden:

[ - TR - T < )

Spain

Eventually, the total number of contacts (and attempted contacts) reached
nincty two as a result of suggestions from people contacted initially and other
additions. A complete list of these organizations follows. This list does not
include companies contacted during Phase 3 in connection with our effort to
evaluate the potential for catalytic decomposition as a disposal method.

1. Positive Replies - Techniques

Aerojet Liquid Rocket Co., Sacramento, California

Allied Chemical Corp., Solvéy, New York

Battelle Columbus Laboratories, ColumBus, Ohio

Bell Aerospace Co., Buffalo, New York

E. I. DuPont de Nemours & Co., Wilmington, Delaware
Engelhard Minerals & Chemical Corp., East Newark, New Jersey
Fisons Limited, Cambridge, England

FMC Corp., Environmental Equipment Div., Chicago, Illinois
FMC Corp., Industrial Chemical Div., New York, New York
Hercules Inc., Wilmington, Delaware

Marquardt Co., Van Nuys, California

Martin-Marietta Aerospace, Cape Canaveral, Florida
Martin-Marietta Aerospace, Denver Div., Denver, Colorado
Martin-Marietta Aerospace, Vandenburg AFB, California

Mc Donnell Douglas Astronautics Co., Cape Canaveral, Florida
McDonnell Douglas Astronautics Co., Huntington Beach, California
NASA - Johnson Space Center

NASA - Western Test Range

NASA - Whité Sands, New Mexico
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Olin Chemicals, Stamford, Connccticut

Pan American World Airwiays, Cape Canaveral, Florida

PPG Industrices, Ine., Pittsburgh, Pennsylvania

Rockwell International, Cape ‘Cmmverul, Florida .

Rockwell International, Space Div., Downey, California

SAAB - Scania, Link8ping, Sweden

Shell Development Co., Houston, Texas

Sundstrand Aviation, Rockford, Illinois

Thermal Research & Engineering Corp., Conshohocken, Pennsylvania
Tri-Mer Corp., Owosso, Michigan

TRW Systems, Redondo Beach, California

United Aircraft, Hamilton Standard Div. s Windsor Locks, Connecticut
United Aircraft, United ‘I'cchnology Center, Sunnyvale, California
USAY Eastern Test Range, Cape Canaveral, Florida

USAF Western Test Range, Vandenberg AFB, California

Walter Kidde & Co., Inc., Belleville, New Jersey

Positive Replies - Suggestions

Battelle Pacific Northwest Laboratory, Richland, Washington
Bocing Aerospace Co., Seattle, Washington

Fairmount Chemical Co., Inc., Newark » New Jersey

Lockheed Missiles & Space Company Inc., Sunnyvale, California
Rockwell International, Rocketdyne Div., Canoga Park, California

Negative Replies

A and S Corp., Verona, New Jersey

Alloychem Inc., New York, New York

American Chemical & Refining Co., Inc., Waterbury, Connecticut
Chemec Process Systems, Inc., Tappan, New York

Dow Chemical Co., Midland, Michigan

Envirogenics Systems Co., El Monte, California

European Aerospace Corp., Greenwich, Connecticut

FECO, Cleveland, Ohio
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Hawker Siddeley Dvnamies 1Ad., Hatlield, Herts., kEngland
ICN - K & K laboratorics, Plainview, New York

Industrial Chemical and Dve Corp., New York, New York
Inste] Corp., New York, New York

Joyv Manufacturing Co., Denver Equip. Div., Denver, Colorado
Kuehne Chemical Co., Elizabeth, New Jersey

Mallinckrodt Chemical Works, St. Louis, Missouri

Mckesson Chemical Co., New York, New York

National Distillers and Chemical Corp., U. S. Industrial Chemical Co.
Div., New York, New York

National Polychemicals, Inc., Wilmington, Massachusetts
Seymour Mfg. Co., Seymour, Indiana

Space General Co., El Monte, California

Universal Qil Products Co., Des Plaines, Illinois

Volvo Flygmotor Ab., Trollhattan, Sweden

Westinghouse Electric Corp., Infilco Div., Richmond, Virginia

No chly D
City Chemical Corp., New York, New York

Combustion Engineering Inc., Chicago, Illinois

Environment One Corp., Schenectady, New York

Erno Raumfahrttechnik GMBH, Bremen, West Germany

Farbenfabriken Bayer A.G., Leverkusen, West Germany

Hikari Chemical Industries Co., Ltd., Ohmiya City, Japan

Japan Hydrazine Co., Tokyo, Japan

Jones Chemicals, Inc., Caledounia, New York

Kraft Chemical Co., Chicago, Illinois

Messerschmitt - Boelkow - Blohm GMBH, Munich, West Germany
Mitsubishi Heavy Industries, Ltd., Tokyo, Japan

Monopole des Poudres, Toulouse, France

Mutchler Chemical Co., Inc., New York, New York

Office National D'eludes et de Recherches Aerospatiales, Chatillon, France
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Otsuka Chemical Co., Osaka, Japan

Pennsalt Chemicals Corp., Philadelphia, Pennsylvania

Rocket Research Corp., Redmond, Washington

Shepard Chemical Industries, Inc., New York, New York
Societe des Produits Doazotes, Lannemezan, France

Societe Europeene de Propulsion, Puteaux, France
Technologieforschung GMBH, Stuttgart, West Germany

TRW, Inc., Environmental Services, Redondo Beach, California

Uniroyal, Inc., Naugatuck, Connecticut

Not Deliverable

Astroage Corp., Buffalo, New York

E. R. Squibb and Sons, New York, New York

Ogden Technology Labs, Inc., Farmingdale, New York
Quimica Sintetica, Madrid, Spain

Seaway Chemical Corp., Buifalo, New York

Whiteley Hvdraulics, Inc., Melrose, Massachusetts



B. THE RESPONSE

Table VIII presents an overview of the response detailed at the end of the
preceding section. "Positive'' means a meaningful input to our study; ''negative"
means a response to the effect that the firm is not concerned with the listed

propellants; 'zero'" means no response.

TABLE VIII

CONTACTS AND RESPONSES BY CATEGORY

Category Response
Positive Negative Zero
: No Letter .
Techniques} Suggestions Response Return
Chemical -
Manufacturers 9 1 9 13 5
Users 23 4 5 7 1
Equipment
Manufacturers 4 0 9 3 . 0
Totals 35 5 23 23 6

Only one American firm actually known to be using hypergolic propellants
is included in the "zero' category, and that only after repeated attempts to gain
their cooperation. Others in this category are firms that have gone out of
business, some that were considered remote possibilities, most of the overseas
organizations we attempted to contact, etc. One thing learned in performing
this study is that many "chemical companies' don't actually manufacture
chemicals. As we had anticipated, many of the smaller chemical companies did

not respond at all.
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One surprise was that interest is so low iimong manulacturers of
chemical disposal equipment.  However, we fomud that some acrospace
companics are aware of the difficultics in disposing of these materinds, and of
the potential market for devices to accomplish this within present environ-

mental limitations.
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. RESULTS OF THE LITERATURE SURVEY

The literature survey began with a computer search performed by the KSC
Library, which tried all reasonable pairings of the terms "propellant”, "fuel",
and "oxidizer", as well as the seven specific propellant names, with "disposal",
"waste", and "pollution", searching back to 1966. No papers or reports were
found by this method. Further work, questions to people in industry, etc.,
turned up a few papers and reports, as listed below under "Primary Bibliography. "

In addition to these reports, there are also a large number of manuals
and reports from the early 1960's on the handling of these propellants. These
manuals are adequately refercnced by the various technical bulletins listed
below, and are not included in this list; the current availability of many of them
is uncertain, they are not primarily concerned with disposal, and of course
they do not help in ascertaining current disposal practice. Also of interest are
the sections in chemical and aerospace encyclopedias, etc., dealing with the

substances of interest to this study.

The article by Chase is an early description of the incinerator built at \D
Cape Canaveral by Thermal Research and Engineering Corp. in connection with
the Titan II program. The Conner and Gebhart report describes disposal
practices at the Bell Aerospace facilitv. Haskins' article is a very recent
description of Du Pont's work with hydrogen peroxide as an oxygen source for
the treatment of sewage in existing plants. The report by Ottinger et al is the
result of a very large study by TRW of disposal techniques for hundreds of
different hazardous materials. The Hutson report covers work done under
contract to the Air Force on the performance of the "SUE" incinerator as a
means of disposing of hydrazines and N20 4° The Smith report covers testing
of a flarc burner at White Sands. The papers by Astor et al, Giauque and
Kemp, and Scott et al, all represent early, basic work on the thermodynamic
properties of hypergolic propellants, while the Fan and Mason paper is a more
recent, detailed look at the properties of equilibrium N20 s NO2 mixtures,
Other papers on the properties of these propellants can be found via the Index
volumes of Chemical Abstracts, with the period 1948-1963 being especially

fruitful.

32



In addition to these reports, a number of other papers that are of
some interest for this study, but not directly related to propellant disposal,
are included below as a "Secondary Bibliography'. This list is of course not
comprehensive, as the region of interest is essentially unbounded, but are
included to simply give an entry point into some of the literature on aspects of
the chemistry of these propellants that might be important to disposal con-

siderations.

It should also be mentioned that there exists a very large and growing
literature on the formation, cffects, prevention, and removal of oxides of
nitrogen in atmospheric discharges. This literature is of interest in connection
with the disposal of cither of the nitrogen-based oxidizers and also with

combustion - based disposal of hypergolic fuels.
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III. DISPOSAL METHODS RECOMMENDED BY THE CHEMICAL INDUSTRY

These methods are taken from the technical bulletins and data sleets

listed in the Literature Survey, Section II above.

1. Anhydrous Hydrazine (Source of information: Olin Chemicals)
| '"Waste hydrazine from spills or process effluent presents a problem
of neutralization prior to sewering. Commercial calcium hypochlorite,
containing 70% available chlorine (I'TH), provides an ideal solution
to this problem. The reaction between the hydrazine and calcium
hypochlorite yields nitrogen and calcium chloride. Other decontami-

nants may also be used (sece Table IX).

"Drains from areas of hvdrazine handling should lead to a sump or
holding pond where ncutralization can he effected in a very dilute
solution. One mole of calcium hypochlorite is required per mole of
hydrazine. On a weight basis this is equivalent to 6.4 pounds of
HTH per pound of hvdrazine. Recommended usage is seven to ten
pounds of HTH per pound of hydrazine to provide an excess of HTH.
"This is roughly equivalent to 0.6 to 1.0 per pound of HITH per gallon
of 1Y% solution of hydrazine.

"Neutralization of hydrazine with HTH is complete and rapid at pH
5.0 to 8.0. At lower pH, the reaction is complete, but may require
a longer period of time. At higher pH, the reaction may not proceed

to completion.

"A dilute solution of hydrogen peroxide may also be used to neutralize
dilute hydrazine wastes. One mole of hydrogen peroxide is required
per mole of hydrazine. A slight excess of peroxide is recommended
to ensure complete destruction of the hydrazine. The addition of a
trace amount of copper sulfate will catalyze the reaction, causing it
to procecd more rapidly.
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"For larger quantities, disposal is usually carried out by burning in h
“increments in a small, concrete-lined pit. Hydrazine and aqueous

solutions of hydrazine are placed in the pit by means of a pipe or surface
channel. ‘The hydrazine can be ignited by an igniter (squib-fired),

an oxidizer such as nitrogen tetroxide, or a torch. Concentrations

as low as 40 percent by weight hydrazine in water can be burned.
Concentrations lower than 40% can be burned by enriching the dilute

mixture with a soluble flammable liquid, such as alcohol. "

Table IX. Decontaminants for Hydrazine Investigation

Possible Approx.
) Reaction Products Heat Liberated
Decontaminant Kecal/Mole NoHy
H2 O NoH4 xH20 3.9
NaHCOg4 (NgHg )9 CO3 NagCOg. 10
13 BOy A salt 5 ‘J
KMnO, Ny . 177
1, Oq Ny, NoH 91-121
Cl.l gas HWTH N2 160177

1. E. Seott, J.J. Burns, and B. 1ewis, "Explosive Properties of Hydrazine. "
Report on Investigations 4460, U, 8, Dept. of the Interior, Bureau of Mines,
Pittsburgh, Pa,, May 1949,

2. Monomethyl Hydrazine (Source of information: Olin Chemicals)
'"To reduce fire hazards, spilled MMH may be diluted with large

amounts of water and neutralized by dilute hydro-chloric acid
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or sulfuric acid. This procedure ensures the trapping of MMH vapors

and forms a MMH-type salt.

'Diluted MMH, while no longer a fire hazard, may still be dangerous
if not disposed of properly. MMH must not be permitted to drain into
a potable water system. Provisions must be made to permit liquid

drainage into a disposal area where it may be burned in small incre-

ments or decomposed by a chemical decontaminant such as calcium

hypochlorite (HTH tm) or hydrogen peroxide.

"Empty drums and containers should be rinsed with water and steamed

for 15 minutes to remove toxic and flammable vapor. "

UDMH (here referred to by the trade name "Dimazine' (Source of
information: FMC Corp.)

"Equipment can generally be decontaminated rather simply by thorough
flushing with large volumes of water or with dilute acid. It may be
conveniently steamed thercafter. It should, of course, be thoroughly
dried prior to return to Dimazine service, making sure that no water

has been trapped at low points in the system.

"Our suggestion for deliberate destruction of comparatively large
quantities of Dimazinc is to burn it under proper supervision and safe-
guard. This technique has been successfully used in the field. Small
quantities such as minor spills, etc., usually can be disposed of most

conveniently through sewering with water.

"Copious water flushing is recommended for personnel decontamination.”

Hydrogen Peroxide (Source of information: Manufacturing Chemists

Association)

"Hydrogen peroxide is an exceptionally pure product and contains no
contaminants that would cause surface water pollution, or interference
with sewage. Its decomposition products are pure water and oxygen.
Ilowever, strong hydrogen peroxide should be diluted with copious
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quantities of water before disposal to prevent strong reaction with
organic materials and fo prevent injury to figh life since there is
gome cvidenco that high concentrations of hydrogen peroxide are
harmful to certain fish.  (Sce ""I'reatment of Waste Walers Containing
Hydrogen Peroxide, llydrazine, and Methanol, " Chemistry and
Industry, 1951, 1104-G.) Since ccrtain agencies of local, State, and
Federal governments have been established to protect our streams,

all rules and regulations applving to a given location should be
ascertained and observed.

"The treatment of a decomposing container of hydrogen peroxide will
depend upon several factors, such as the stage at which the decom-
position is first discovered, the degree of contamination as indicated
by the rate of temperature rise and the volume of hydrogen peroxide
concerned. It should be noted that the rate of decomposition increases
exponentially with temperature, 1.5 times for each 10° F. rise. Any
container of hydrogen peroxide, if grossly contaminated, might rupture
from decompositioh pressure, or be subject to vapor explosion above
the peroxide, if excessive temperatures are reached ...

"A drum of unstable hvdrogen peroxide should be taken quickly to an
isolated place, uncapped, and either overflowed with a water hose or
tipped over and emptied as fast as possible, washing the peroxide
away with plenty of water. However, if it has reached the point of
boiling; or spewing steam from the vent, personnel should evacuate to
a safe distance since the drum will probably rupture violently within

a few minutes. When this occurs the area should be washed down

liberally with water.

"A decomposing tank of hydrogen peroxide requires different treatment.
Decomposition is evidenced by self-heating or bubble action. The
addition of phosphoric acid (reagent grade - 1 lb. for each 100 gals.

of H202 solution) may arrest the decomposition at this early stage. The
tank should be watched closely and precautions taken in case decom-

position is not checked.
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"If the Lemperature of the tank continues Lo rise its contents should
be disposcd of before it reaches a point 150 I higher than the
surroundings. A clean fire hose, without brass or iron [ittings,
should be inserted through the tank manhole to the bottom of the tank
and the tank's concents diluted with a large amount of water and
discharged as fast as possible by overflowing through the manhole or
other means. This whole operation is facilitated if the tank is
equipped with an aluminum deluge pipe reaching to the bottom of the
tank with a remote coupling for water. In any event, loss of the
peroxide is preferable to loss of the tank itself.

"Discarded peroxide from either a drum or tank should go to an

open body of water or drainage ditch, preferably containing water.

If any peroxide gocs into a sewer or closed drain, there should be no
combustibles and large volumes of water should be added to the drain
along with the peroxide. "

Nitrogen Tetroxide (Source: Hercules Inc.)

"Spills should be flushed to a collection sump and neutralized with soda

ash or other alkali., "

Also, 'Transfer to salvage vessel. Neutralize with soda ash or lime.

Keep from sewer or streams, "
Nitric Acid

(First source: Manufacturing Chemists Association)

'"Dilute and neutralize before disposal. Do not flush down drains where

the acid will eventually pollute streams, city sewage systems, etc."”

(Second source: Hercules Inc.)

"Neutralize with soda ash or lime, "
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IV. DISPOSAL RECOMMENDATIONS FROM THE TRW STUDY

All material in this section is taken directly from TRW Report No.
21485-6013-RU-00, prepared for the Environmental Protection Agency, by
R. S. Ottinger et al (see the Literature Survey, Section II above.)

1. Hydrazine

Hydrazine as a waste will generally be encountered as excess material,
as contaminated material from spills, or in aqueous streams from chemical
process industries. Because of the hazards involved (unpredictable
decomposition), hydrazinc is usually not recovered in a concentrated
form from contaminated or dilute systems. In ponds or holding tanks
dilute hydrazine is decomposed by the air and bacteria into nitrogen,
hydrogen, water and ammonia. In a concentrated form, hydrazine is

destroyed by burning.

The safe disposal of hydrazine is defined in terms of the recommended )
provisional limits in the atmosphere, water and soil. These recommended ‘D

provisional limits are as follows:

Contaminant in Air Provisional 1.imit Basis for Recommendation
Hvdrazine 0.01 ppm 0,01 TLV

Contaminant in Water
and Soil Provisional Limit Basis for Recommendation

Hydrazine 1.0 ppm Quantity will rapidly oxidize
to near-zero concentration

Hydrazine is generally destroyed by oxidation to water and nitrogen.
In dilute solution, dissolved oxygen, catalysis, or bacterial action convert
hydrazine to nitrogen, hydrogen, ammonia and water. Therefore, there
are no problems in dealing with the products from waste treatment.
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Current disposal practices for hydrazine are briefly described in the
tollowing paragraphs together with recommendations as to adequacy.

Option No. 1 - Open Pit Burning

‘Hydrazine poured into an open lined pit is burned to nitrogen and
water. The transfer of the hydrazine and the ignition must be accom-
plished by a remote mcans. I'or drum quantities of hydrazine this
method is generally acceptable although since excessive NOx might be

generated another option would be preferred.

Option No. 2 - Incineration

The Air Force has a minimum of ten trailer-mounted incinerators
capable of incinerating up to 6 GPM of hydrazine in a variety of mixtures
with water (from 100 pcrcent hvdrazine to 100 percent water). The
effluents from the units is limited to 0.03 Ibs/min NOx when incinerating
hydrazine. Theseunits are acceptable for disposing of large quantities
of hydrazine.

Option No. 3 - Catalytic Decomposition

. One of the applications for hydrazine is its use as a monopropellant.
When hydrazine is passed over a support (usually aluminum oxide)
coated with certain metals or metal oxides, it is decomposed into nitrogen,
hydrogen and ammonia. The details of catalyst composition are usually
found in the classified literature. In most cases the catalyst is expensive,
but TRW Svstems has preliminary data on a low cost catalyst that should
be further investigated.

Recommended Treatment: Controlled incineration with facilities for

effluent scrubbing to abate any ammonia formed in the combustion process.
2. Hydrogen Peroxide

Concentrated hydrogen peroxide is a powerful oxidizing agent. Rapid
decomposition is hazardous. Wasted concentrated hydrogen peroxide can
be disposed of by dilution with water to release the oxygen. Agitation
would accelerate the decomposition. After decomposition, the waste stream
may be discharged safely.
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3.  Nitrie Acid, hiae

Waste streams containing acids, acidic oxides, or bascs cau be
treated by neutralization (1) to form a neutral solution which can then
be discharged safely, or (2) to yield an insoluble precipitate which can

be removed by filtration.

For the acids, acidic oxides and halides, soda ash-slaked lime
solution is most commonly used. In the case of nitric and hydro-
chloric acids, the neutral solution of nitrate or chloride of sodium and

calcium is formed and can be discharged after dilution with water.

Ammonium hydroxide may be neutralized by nitric acid to form a

solution of ammonium nitrate which can be used as fertilizer.

Nitric acid forms a constant-boiling azeotrope with water (685
NHO3 1 32% }120). The normal boiling point of the azeotrope is 120. 5°C.
Hence, under certain conditions, spent nitric acid can be recovered by
steam distillation to vield concentrated acid. e
Recommended treatment: Soda ash-slaked lime is added to form D
the neutral solution of nitrate of sodium and calcium. This solution
can be discharged after dilution with water.
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V. CURRENT DISPOSAL PRACTICES

This section lists, propellant by propellant and company by company
for cach propellant, the actual current disposal practices for each "user'
organization, insofar as we have been able to ascertain them. In order to
facilitate our access to frank, correet, and detailed information, all of these
organizations were promised that the information furnished would not be
identified as to source. For that reason, all organizations are referred to
below in terms of a number rather than by the organization name. A total of
cighteen organizations are represented in this section; the other organizations
listed carlier under ''Positive Replies' include chemical manufacturers,
other organizations that provided us with general advice on disposal methods
rather than being able to describe current activities of their own, and disposal
activities described separately in Sub-section G below, "Disposal at the
Eastern and Western Test Ranges. " It is our belief that these eighteen
organizations account for virtually all of the propellant disposal activity
currently being carried out in this country outside of ETR and WTR. It should
be emphasized that the code numbers are used in this report only in the case of
organizations actu:ﬂly describing their own current disposal activities.

The overall level of activity in hypergolic propellant disposal is clearly
much lower now than several vears ago; some organizations that formerly handled
large quantitics of these propellants as part of their everyday routine have not
handled significant quantities for some time, and many of the people who were
most familiar with propellant disposal practices have moved on to other positions
of out of the aerospace industry. On the other hand, those organizations still
involved with hypergolic propellants have by and large improved and refined
their disposal practices considerably over the past several years.

In the list that follows, the treatment of hydrazines posed a problem. We
are specifically interested in four types of hydrazine propellants: NZH 4 MMH,
UDMH, and Aerozine 50 (50% N2H4, 50% UDMH.) Most disposal practices,
however, do not differentiate between the various hydrazines - an incinerator or

holding pond used for hydrazines, for example, will normally be used for any
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of the hydrazines needing disposal, without discrimination. For that reason, the
following list first treats disposal methods that scem to be used for any
hydrazinc the orgariizatlon nceds to dispose of. The following sections per-
taining to specific hydrazines include only additional information not included

in the first section. There is no separate section for Aerozine 50 or UDMH,
since we have discovered no disposal techniques that are specifically

applicable to these propellants and not to other hydrazines.

Primary attention on the part of most of the cooperating organizations
was given to liquid disposal, as indicated below, with vapors often simply
vented to atmosphere. N20 4 is the only propellant of interest that will boil
away if left unpressurized in a warm environment (its boiling point is 70. 1°F
(21.15 C) at 1 atm), although RFNA gives off NO va.pors (the "fumes'). UDMH

has the lowest boiling poing of the three hydrazmes. 146° F (63 C) at 1 atm.

Past practices (since discontinued) mentioned by several organizations,
such as pouring waste propellants on the ground in remote areas, etc., are
not included in the following list. In addition, simple venting of vapors to the
atmosphere and transferring deluge water to holding ponds were mentioned
by several organizations in connection with all the propellants, and are also
not included in the list. The more significant current practices that were
reported to us are listed below. In most cases, the descriptions are based
directly on written or verbal descriptions given to us by representatives of the
organizations concerned. Ina few cases, they are based on our own facility

visits and first hand observations.

A. HYDRAZINES - GENERAL

1. Liquid
#1 burns small quantities in air or with NZO 4
#2 dilutes concentrated wastes with water (at least to 50%)

and burns with excess air in a combustion chamber designed
for the purpose. The combustion is initiated by

a fire-brick heat sink which is preheated with propane to
provide positive ignition and insure complete combustion.
Water based flush fluids and similar low concentration
wastes are dumped into one of two holding ponds. One is

a square pit agitated by bubbling compressed air at two
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#3

#4

#5

#6

#7

points; the other is a ditech extending aboul one mile past
the point at which it last receives cffluent. Because of
addition of oxidizer wastes to the same holding ponds, the
contents are normally acidic; automatic monitoring and
neutralizing stations at each pond measure the pH and

add NaOH solution until the pH exceeds 6.5. At this point,
the station automatically begins pumping fluid from the
pond over the dam until the pH again drops.

burns waste hydrazines in an incinerator, by over-stoichiometric
burning followed by a water quench to 2000°F and reburning
to eliminate CO and H2 products.

dilutes amounts of less than one gallon with water and
neutralizes. Quantities larger than one gallon are disposed
of through "licensed disposal companies. ' Some wastes are
consumed by burning if the propellant plus contaminant will
support combustion.

uses laltge enough quantities that it is feasible to mix out of
specification hydrazines back in with the main supply without
seriously degrading the main supply. They have also
disposed through combustion in a simulated rocket engine with

N20 .

uses open pit burning in a remote area; combustion is

initiated by throwing in a burning towel. In addition, spills
are flushed with volumes of water to a concrete-lined lagoon,
where hydrogen peroxide and copper sulfate catalyst are added.

uses a water deluge system and a large fume scrubber to
capture all hypergols. They are neutralized in underground
sumps and then consigned to a disposal contractor equipped

with tank trucks for final disposition. They can also be used

to neutralize the nitric acid effluent from N20 4 vVapor scrubbers-

see the description under N20 4 VaPpors.
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#9

#10

#11

e

disposes of small quantities by burning: larger quantities
are turned over to another organization on this list for

disposal in an incinerator.

disposes of aqueous solutions with hydrazine concentrations
between 1% and 40% in an incinerator, fired by diesel fuel,
at 2700°F. Contaminated fuels, (which may contain small
amounts of oxidizer or flush fluids) are collected in a
holding pond, diluted to 40% fuel or less if necessary, and
fed to the incinerator. Wastes with less than a 1% con-
centration of fuel are chemically treated as follows:

(1) .01 pound of copper sulfate is added for each 1000
gallons of waste.

(2) The pH is adjusted to between 7.0 and 8.5 by adding
a 50%. solution of NaOH, or nitric or sulfuric acid,

as required.

e

(3) Hvdrogen peroxide (35% strength) is added. D
(4) After mixing, the fuel concentration should be less

than 0.5 ppm, and the pH between 6.0 and 8.0, If

so, the wastes are surface drained; if not, the

procedure is repeated starting at step (2).

flushes with water and drains to an open sump; contaminated
propellant may also be added directly to the sump. Contents
of the sump are periodically disposed of in an incinerator,
fired by natural gas, at 1900°F.

uses four 300,000 gallon oxidation ponds. Oxidation is by

air contact at the pond surface (not aeration, although this
modification is being considered). Oxidizer wastes, when
available, are transferred to the same ponds. The ponds

are sometimes emptied when the concentration of MMH is

at or below 1 ppm, although evaporation at this site is far

more important than rainfall and the ponds are usually

allowed to sit even after the hydrazine content is no longer “-)

measurable,
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#12

2. Vapors
#2

#5

on the other hand, is in an area where heavy rainfall
predominates, and mechanisms were required to quickly
decompose the hydrazine in their 500,000 gallon holding
pond to allow liquid removal prior to overflow. The

solution was an aeration system consisting of two large H-
shaped manifolds in the bottom of the pond. The manifolds
are supplied with either air from a compressor, or bottled
oxygen. Very large bubbles are generated, and considerable
liquid motion throughout the pond results. In addition,
catalysts (both copper sulfate and rusty steel containers)
have been used, and chlorine gas can be bubbled into the
pond. The pond is concrete, 8-10 feet deep with sloping sides,
and the normal mode of operation is with compressed air.
Oxidizer wastes can be addéd to the same pond, but are not
normally encountered.

vents to atmosphere but does not risk releasing unless
atmospheric conditions will reduce contaminant concentrations
below threshold limit values. This determination is based

on data.taken at micrometeorological stations at each vent
site,on wind direction, velocity, gustiness, and thermal

lapse rate at 2 ft., 50 ft. and 100 ft. from ground level.
Prediction is based on standard mixing models, modified by
empirical corrections for local conditions.

pressurizes vapors with N2 and vents through a scrubber.
Water from the scrubber is flushed down trenches to a 100, 000
gallon concrete holding pond, which is agitated by a
recirculating pump. pH in the holding pond is normally on the
acid side; NaOH is added to neutralize it and a reagent used to
check for free hydrazine radicals. If too high a concentration
is present, copper sulfate and dilute H202 are added. When
the contents look good, they are pumped out to a series of
holding ponds stairstepping down the side of a hill, all of
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D
which are continually monitored. Deep water wells in the
area are also periodically checked. (This system relies
on abundant supplies of water and good lahoratory backup).
The scrubber is a 14 inch diameter stainless steel pipe,
20 feet long, with water spray. Originally, a stainless
steel tub with a tall stack was tried, as well as a
recirculating NaOH spray rather than water spray. Another
variation is an aspirator, in which vent vapors are entrained

in the water flow at a number of low pressure points.

#06 vents to almosphere using a large blower. A small weather
station at the test cell monitors wind velocity and direction,
and venting is carried out only if the wind is in a favorable
direction and above a specified minimum velocity.

#7 uses fume scrubbers - see above under Liquids.
B. ANHYDROUS HYDRAZINE (NH,) D

1. Liquid

#13 dilutes 100 to 1 with water and drains into the ground. A
neutralization system consisting of a series of trenches and
two 1500 gallon holding tanks is being constructed. The
material in the holding tanks will be neutralized with a 12 1/2%
solution of sodium hypochlorite. When free Cl is sensed in
the solution the neutralized material will be drained from
the tanks to a pond.

#14 burns off small quantities in a 10 ft. by 20 ft. steel pan,
ignited by a gas flame.

C. MONOMETHYL HYDRAZINE (MMH)

1. Liquid

#7 neutralizes small amounts using hydroxyacetic acid.

#8 flushes residuals with isopropyl alcohol and transfers to -
another organization on this list for disposal in an incinerator.
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I. Liquid

#1

D. UYDROGEN PEROXIDE (“202)

pours on bare ground and flushes with water

#5, #6, #9, and #11 use H_O. to aid in disposal of hydrazines, and

#15

#16

1. Liquid

#1

#2

#4

#5

#6

272
for treating holding ponds.

disposes of small quantities in the laboratory using a
platinum or silver screen as catalyst. Large quantities

are diluted with water to between 25% and 40% H202 and

deéomposed by catalyzing with caustic. At 212°F and a
caustic level of 0.5 - 1% NaOH, decomposition is more

than 95% complete in one hour.

has diluted small quantities with water and discarded to
the drainage system.

‘E. NITROGEN TETROXIDE (N204)

dilutes with water and neutralizes with sodium carbonate, or
alternatively burns with hydrocarbons or other fuels.

pre-dilutes with water and dumps into the same holding ponds
that receive dilute hydrazines; see Hydrazines - General for
additional description and treatment.

treats as described under Hydrazines - General

dilutes and adds to holding pond - see Hydrazines - General for
additional description and treatment. Alternatively, allows
to vaporize; see following section for treatment of vapors.

pours small quantities into the concrete-lined lagoon
mentioned above under Hydrazines - General. Alternatively,
it is allowed to vaporize and treated as described in the
following section.
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#8

#9

#11

#17

2. Vagors
#2

#5

has nout ralived small quantitios with tricthanolamine.,
Larger quantitics (roughly 8 gallons) caused violent reaction
with triethanolamine, and explosion. Currently both neat

N20 4 and halocarbon solvent contaminated with NZO 4 are

shipped to the NASA facility at White Sands, N. M. for
disposal. This organization also attempted to use Molecular
Sieve 13X material, on the recommendation of another
organization; their experience was that the material is per-
manently degraded by N20 4 contact and that violent reaction
is likely.

transfers their waste to other organizations on this list for
disposal. In addition, small quantities are wiped up with a
neutralized (sodium bicarbonate) wet sponge. The sponges

are then placed in a neutralized solution contained in a

stainless steel bucket. This solution is subsequently disposed

of by a commercial disposal service. Residuals are flushed ’D
with Freon MF and dumped into a holding tank for later

disposal by a commercial disposal service company.

dilutes to less than 5% concentration and neutralizes with
caustic. The waste is then pumped into the ocean.

adds oxidizer wastes to the same holding ponds described
above under Hvdrazines - General.

has returned NZO 4 to Hercules Inc.

vents to atmosphere, with the same precautions as described

under Hydrazines - General.

pressurizes vapors with nitrogen gas and sends them through
a scrubber as described under Hydrazines - General (not

the same unit, of course) and thence to thé system of holding
ponds previously described.

o~
.
3
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*6 vents vapors through a propane-fueled [lave.
7 captuares small quantities of N:ZO4 vapors by sparging through

water drums. The contaminated water is then shipped to the
NASA facility at White Sands, N. M., for disposal. This
organization also uses a large water scrubber of their own
design. Water enters through a series of downward-pointing
spray nozzles, with layers of stainless steel shavings below
each nozzle to slow and hold the water. The effluent, which

is dilute nitric acid, is neutralized after it leaves the scrubber,
either chemically or by mixing with diluted hydrazine fuels.

#11 and #12 have both used propane-fueled flare burners in the past,
but no longer use these units.

F. INHIBITED RED FUMING NITRIC ACID (IRFNA)

1, Liquid
(“_ \, #1 dilutes with water and then neutralizes with sodium carbonate.

#2 treats in the same way as N20 4°

#4 same treatment as hydrazines and N20 4 except that water
scrubbing of the combustion gases is needed for removal of
HF emissions.

#16 has in the past absorbed and neutralized small quantities in
an alkaline solution, with the spent solution being discarded
to the drainage system.

#18 neutralizes spills from leaking rocket motors using a suitable

alkaline,
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G. DISPOSAL AT THE EASTERN AND WESTERN TEST RANGES

Current (and recent) propellant disposal operations at the Eastern Test Range
arc primarily associated with one of three programs: Saturn, Titan, and Delta.
In all three cases, vapor disposal occurs at the launch site, with liquid wastes
being transferred to the service contractor, Pan American World Airways, for
disposal elsewhere. Pan Am's disposal operations are included in the coded list
above.

The three vapor disposal operations are all different. Both Saturn and Titan
launch operations vent to atmosphere, Saturn through large trailer-mounted
blowers and Titan through a tall stack (N204 only - hydrazines are vented directly

to atmosphere), while scrubbers are used at the Delta launch pad.

The blowers used for Saturn operations are large trailer mounted units
with air flow capacities of 190,000 cfm each. Vent vapors - Aerozine 50 and
N20 4 vapors are fed to trailers situated on opposite sides of the pad - pass )
through liquid—vapor'separators and then are introduced into the air streams ‘)
produced by three large fans on each trailer. The primary purpose of the funs
is dilution, although the plume onthe oxidizer side is still said to be highly visible,
indicating a concentration of over 75 ppm in the plume. Maximum vapor flow

rates are 0, 2 pounds per minute fucl, 1.9 pounds per minute oxidizer.

The oxidizer vent stack at the Titan facility is a four inch diameter stainless
steel tube, approximately 200 feet high. This facility also uses a 28,000 gallon
tank for oxidizer wastes, and a small concrete holding pond for fuel wastes, both
of which are emptied periodically by the service contractor. The preferred
approach for oxidizer spills is to allow them to evaporate, rather than flushing

with water to create a nitric acid waste.

The Delta facility uses a water scrubber for hydrazine vapors, and a baking
soda (5% NaHC O3 solution) for nitrogen tetroxide vapors. Poth scrubbers are
physically small (four to six feet high) and the liquid effluents from both are
allowed to run into a concrete holding pond.
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At the Western Test Range, the major difference is that there is no
sevvice contractor to whom waste propellants can be transferred for disposal.,

Propellant use is primarily associated with Titan and Delta operations.

At the Delta launch site, identical scrubbers to those used at the Eastern
Test Range have been installed, but are not in use. A small concrete holding
pond has recently been installed just downhill from the pad for spills, con-
taminated wastes, etc. Venting is to the atmosphere,

At the Titan facility, N20 4 vapors are vented through a propane-fueled
flare burner, and the hydrazine vapors are vented directly to atmosphere if
wind direction and velocity are satisfactory. Adverse wind direction or lack
of wind can shut down operations. A 3 knot minimum wind velocity is observed
for operation of the flare burner to preclude local accumulation of toxic vapor
in case of flame-out. Liquid hydrazines are disposed of by diluting between

3 and 5 to 1, transferring to a water pit, and neutralizing with a 16% sodium

hypochlorite solution. Each pad has a holding tank, and it is possible to burn

up to two gallons at a time in small basins, although this has not been done in many

vears. Quantities of greater than thirty gallons are supposed to be taken by
tankers to the U.S. A. F. for disposal, but this course of action has not been

necessarye.

The Air Force does not have anv means of disposing of waste propellants
at Vandenberg, but is experimenting with spray aeration at a small concrete
holding pond.



H. COMMERCIAL MANUFACTURE OF NITRIC ACID

One method for removing N,0 4 vapors from pressurization gas is
absorption (scrubbing). This process is similar to the one used commercially
to manufacture nitric acid from NOZ' It may be economically feasible to
produce usable nitric acid from the waste by using gas absorption.

Commercial nitric acid is manufactured by introducing NO2 gas into an

absorption tower. The two dominating reactions are:

3NO i H,O —p=s 2IINO + NO N H = -27.1 Kcal
2(g) 2°(1) 3(1) @) el Re

2N0(g) t OZ(g) —tpn 2N02(g) ’

There is an air rich environment in the tower to promote the oxidation of NO.

H = -32.2 Kcal

1

The oxidation of the nitric oxide to nitrogen dioxide is the slowest reaction
with its equilibrium most favorable at lower temperatures. The reaction is
usually carried out in absorbers with considerable capacity and provided with D
cooling. Because of the decrease in volume this reaction is favorable under
pressure according to Le Chatelier's principlé.

The reaction: 3N02 t 1120-02HNO3 4+ NO is a gas absorption phenomenon.
This rcaction rate is the limiting factor for sizing the scrubber. The reaction
rate is increased by employing an absorption tower under pressure, cooling
the tower and using counter current air flow. 2 The rate can also be increased
by using packing such as Raschig rings or Berl saddles. Packing is used to
increcase the surface area or expose new liquid to the surface, thus increasing
the ratc of absorption. If the absorption tower is operated at atmospheric

pressure an acid containing 50-55% HNO,_ can be produced.

3

1Clark, R. L., W. L. Faith and D. B. Keys, Industrial Chemicals.
John Wiley & Sons, Inc., New York, 1950.

)
“Shreve, R. N., Chemical Process Industries. McGraw-Hill, New
York, 1956.
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VI. SPECIALIZED EQUIPMENT AND OTHER SOLUTIONS

Of the many incinerators now on the market, at least a few seem suitable
for propellant disposal. Two have seen considerable use for this purpose
already. One, designed by Thermal Research and Engineering Corp., of
Conshohocken, Pa., has been in use at Cape Canaveral over a decade and
still seems to be giving very satisfactory performance; it has been used for
aqueous solutions of hydrazines and N20 4? and for hydrocarbon fuels. Thermal
has not designed any other incinerators for this purpose since then, but is
still active in burner design and emissions control. Another incinerator, built
by Hirt Combustion Engineers of Montebello, California, in 1968 for one of
the companies we contacted, is still in active use for disposing of aqueous
solutions containing hydrazines and has also been used for hydrocarbon fuels
and exhaust gas. In addition to these, the Marquardt Company of Van Nuys,
California markets commercial fume incinerators and liquid incinerators
which are an outgrowth of their work in aerospace propulsion,and have run tests
on disposal of N H 4 UDMH, and N20 4 in their Sudden Expansion (SUE)
incinerator. More detailed descriptions and evaluations of all these incinerators
are pres‘ented in the section of this report covering Phase 2, Evaluation of
Current Disposal Methods.

A related development, by Martin-Marietta Corp., Denver, Colorado, is
a propane-fueled, orificed circular burner. This flare burner has only been used
for NZO 4 Vapors, although it could perhaps be modified to handle hydrazine
vapors, It is also covered at length in the section on Phase 2. TRW Systems,
Redondo Beach, California,suggested "consideration of the concept of burning
the propellants in a work horse engine. Such a capability is available at TRW

although it has not been used specifically for disposal of propellants."

TRW also commented that filtration through a simple filter screen or
strainer is often successful in removing suspended particulate matter and
returning propellants to specification.
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Shell Development Company's Chemical Research Laboratory in
Houston, Texas, commented , "Although one of our customers in West
Germany has indicated that they successfully used Shell 105 Catalyst to
remove traces of hydrazine from organic process streams, we do not
consider its use for disposal purposes as economical (the catalyst currently
sells for $2950. 00 per pound and is subject to poisoning by chemical

impurities). "

The use of f1202 in sewage treatment was described by Du Pont in
the article mentioned in the Literature Survey, Section II. The H202
provides an additional form of oxvgenation or aeration to satisfy metabolistic
requirements of micro-organisms. The reactions are:

(1) 2H,0,—+ O, + 2H,0

(2) Organics + O2 M 002 + H20 + bacteria sludge

The HZO would be especially cffective during periods of mechanical failures

or overloads.

Allied Chemical Corp., Solvay, New York, recommended the following
procedure for the disposal of IRFNA: "Unwanted material may be disposed
of by addition to a large volume of water containing an alkali such as caustic
soda or soda ash to neutralize the acid and caleium chloride to precipitate the
fluoride. The mixture should be settled and checked to be sure the pH is 7
or higher beforc decanting to waste. The sludge should be taken to a landfill

arca for disposal. "

Fisons Ltd. of Harston, Cambridge, England, a hydrazine manufacturer,

recommended the following reactions for disposal of concentrated hydrazine

solutions:
(1) With alkaline H202 in the presence of iron or copper (II) salts.
I&H‘l + H202—-bN2 + 4H20
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(2) With exeons sodinm hypochlorites

N, H 2N OCL-82N C1 ' 2H.O
21 i a 2

(3) With atmospheric oxygen in the presence of copper (II) salts.

N,H, + O~®N, + | 2H, O
A few manufacturers stated that there might be limited possibilities
for recycling contaminated propellants. Hercules Inc. wrote, '"We could
possibly rework NZO 4 to reduce water content and adjust oxides content.
Some contaminants, however, may not be acceptable in our plant. Each
rework would probably require prior submission of an analysis showing
impurities and a sample for our verification. " They further stated that

IRFNA reprocessing would be impossible because of the hydrofluoric acid.

Similarly, PPG Industries expressed possible interest in reworking
hydrogen peroxide, and Fairmount Chemical Co., Inc. is interested in
purchasing N2H 4 "unmixed with other compounds. "
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{. INTRODUCTION

Phase 2 was concerned with evaluation of current disposal methods,
primarily in terms of their effects on the environment. The objective was to
identify those methods suitable for further application as new disposal needs
arise, and to identify requirements for new technology, if they exist, or areas
where advances in the state-of-the-art offer especial promise. This study was

not concerned with identifying anv specific current environmental problems.

The sections that follow describe and discuss all of the current disposal
methods identified during Phase 1, starting with those used for the hydrazine
fuels and proceeding to nitrogen tetroxide, inhibited red fuming nitric acid, and
hydrogen peroxide, in that order. In order to avoid repetition, material that
is pertinent to more than one disposal method, or more than one propellant,
is usually presented just once when it first comes up, with the result that the

earlicr sections are as a rule more comprehensive than the later ones.

In the case of IRFNA disposal, we departed somewhat from our rule of \:)
treating only disposal methods actuually in current use, as IRFNA usage in
significant quantities is practically nonexistent at the present time, as far as
we could determine. However, the combination of the close similarities between
IRFNA and N20 It and between IRFNA and concentrated nitric acid, led us to the
conclusion that potential disposal methods for IRFNA can, in many cases, be
evaluated on the basis of current experience. (Oxides of nitrogen and their
chemical and photochemical reactions in the atmosphere have been studied
intensively in recent years, and nitric acid is used in large quantities by the
chemical industry.) The special problems associated with the HF content of
IRFNA are treated in the portion of this report on Application Studies (Phase
3).

The reader's attention is also called to the condensed evaluations that
were presented in Tables I through IV of the Summary Report section, pages
12 through 17 of this report.
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II.  DISPOSAL O LIQUID HYDRAZINES

A. INCINERATION

II.A.1. Current Applications

In Phase 1 of this study, it was found that two organizations are
currently incinerating aqueous solutions of hydrazines and, in one par-
ticular instance, a solution of MMH in isopropyl alcohol . One incinerator
uses natural gas as primary fuel and maintains a flame temperature of
1900 °F; the other uses diesel fuel and maintains 2700 °F or higher (3200o F

was also mentioned).

The TRW studylrecommended controlled incineration with effluent
scrubbing to eliminate any ammonia formed in the combustion process.

In addition to the two organizations actually using incinerators for
the routine disposal of hydrazines, the Marquardt Company of Van Nuys,
California, has done extensive development, testing and evaluation work on
an incinerator for hydrazine fuels. The evaluation phase of the work was
funded by the Air Force Rocket Propulsion Laboratory2 » and is described

in greater detail under "bases for evaluation' below.

1R. S. Ottinger, J. L. Blumenthal, D. F. Dal Porto, G. I. Gruber,
M. J. Santy, and C. C. Shih, "Recommended Methods of Reduction,
Neutralization, Recovery or Disposal of Hazardous Waste", Report No.
21485-6013-RU-00, TRW Systems Group, 1 February 1973, prepared for
Enirironmental Protection Agency, Contract No. 38-03-0089. (See especially
Vols. I, XII)

2Joel E. Hutson, "Toxic Waste Burner Evaluation", Final Report,
AFRPL Contract No. F04611-73~C-0007 (Marquardt Company Report S-
1271), November 1973.
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11.A. 2. Thermochemical Aspects

Incineration is a controlled combustion process to convert waste
propellant to a less toxic, less bulky, less noxious or more easily dis-
posable material. The principal undesirable incineration products from
an environmental viewpoint are NOX and CO. Occasionally, NH3 or
hydrocarbons or soot are released when operating under non-optimum
conditions. Direct flame or catalytic destruction of waste propellants pro-
duce an effluent of N2, 002 and HZO vapor which can be vented safely to
the atmosphere. Undesirable compounds (such as NOX) formed during
incineration may require a secondary treatment, such as scrubbing, to
lower their concentration to acceptable levels prior to atmospheric re-

lease.

Important criteria for an adequate disposal system of a waste pro-
pellant include the following:

1) The cffluent should be inconspicuous and safe.
2y The svstem should not be prohibitively expensive to operate
and maintain,

3) It must meetpollution standards.

Gas sampling techniques and analysis must be adequate to provide
meaningful data. Factors to be considered are: ’

1) The sample must be representative.

2) The integrity of the sample must be preserved.

3) Initial cost and operating cost of equipment.

1) The possibility of biased interpretation and or omission of test
results in reports.

The variables which have the greatest effect on the completion of

the oxidation of the propellant waste are:

1) Combustibility
2) Reaction Temperature
3) Residence Time in Incinerator

4) Gas Turbulence in Reaction Zone.

Hydrazine, UDMH, and MMH have low flammability limits. With
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proper feed rates and the use of auxiliary fuels combustibility is readily
controllable. Temperature can be controlled over some range by varving
the air fuel ratio, and a well-designed incinerator will allow considerable

excess air or secondary air to keep temperatures down.

Rates of oxidation reactions are increased rapidly by higher
temperatures. A design range of 2400 °F to 3000° F or higher may be
specificd depending upon the waste propellant being disposed. Three basic

methods of controlling the combustion temperature are:

1) Excess Air Control
2) Two Stage Combustion
3) H,O Injection.

Sufficient time must be provided during the waste incineration to
allow droplets or particles to react with O,, or oxidizers. From 0.1 to 1
second or more may be required. The evz:luation of this time factor can
only be made by tests of individual incinerators or from manufacturers'’
recommendations. |

The degree of turbulence in the reaction zone significantly affects
the incinerator performance. Intimate mixing of the air and waste propel-
lant gases is required for completeness of combustion.

NO is a pollutant common to incineration processes which utilize
air. NO formation results from O2
Figure 1 presents graphically the thermodynamic equilibrium concentration
of NO as a function of % excess air at various reaction temperatures for
combustion of materials that do not contain nitrogen themselves. The incin-
eration of hydrazine fuels would be expected to yield higher values than

shown because they are high-percentage nitrogen containing compounds.

The stoichiometric combustion equations for hydrazine, MMH, and
UDMH in air are, respectively,

NpH, + (0, +3.76 Ny) ——> 2H,0 +4.76 N,

(CHy) NyH, +2.5(0,, + 3.76 Np)————3CO,, + 3H,0 + 10.3 N,
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‘ FIGURE 1
EQUILIBRIUM NO CONCENTRATIONS IN COMBUSTION EFFLUENTS
(R. D. Ross, Industrial Waste Disposgal, Van Nostrand -

Reinhold Corp., N. Y., 1968, p. 340; quoted by R. S. Ottinger et al,
TRW Report No. 21485-6013-RU-00, 1973.)
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(CTL), NI, 14O, 1 3,76 N)————2CO, + 1,0 1 16.04 N,

2

In addition, the stoichiometric combustion equations for the auxiliary

fuels methane (natural gas), propane, and butane are, respectively,

CH4 + 2(02 +3.76 Nz)———--n‘CO2 + 2H20 +7.52 N2

CyHg +5(0, +3.76 Ny) ——»3C0, +4H)0 +18.8 N

3 2 2

C,H

4Hq + 6-5(0, +3.76N,) —— 4CO, +5H,0 +24.4 N,

In a typical incineration process, one of the hydrazine fuels (or a
mixture of two of them, such as Acrozine 50) is burned in air, in conjunc-
tion with natural gas (which is primarily methane) or liquified petroleum
gas (propane or butane) as an auxiliary fuel used for preheating, start-up,
and usually to maintain combustion in case of a somewhat irregular supply
of the waste fuel. It should be noted that the auxiliary fuel has the
effect of decreasing combustion temperatures, and acts as a reducing agent
in the case of over-stoichiometric (fuel-rich) combustion and hence can pre-
vent or alleviate the formation of oxides of nitrogen.

A starting point for the chemical description of the incineration of
hydrazine fuels would thefefore consist in simply adding the appropriate
stoichio;netric equations above. In actual practice, however, the complete
description of the reactions is considerably complicated by the following

factors:

a) Non-stoichiometric mixtures and incomplete combustion re-
sult in the formation of partial products, such as carbon
monoxide and ammonia, as well as allowing emission of un-

burned fuel.

b) High combustion temperatures result in the dissociation of
water and CO, , and in the formation of oxides of nitrogen.

Al

c) In some incinerators, the hydrazine fuels must be supplied as
20 in both
sides of the equations and altering the equilibrium composition

aqueous solutions, hence introducing additional H

of the products.
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Honce a complote combustion desceription must include the POSSi-
2 02, H, O,
Otl, CO, NO, NOZ, N20, hydrocarbons (HC), NH3, amines (RNHz) and
unburned fuel: NZH- » MMH, UDMH.

bility of formation of a number of trace products, including H

Of these trace products, the most serious are probably the fuels
themselves. Emission of unburned fuels can be minimi zed by combustion
chamber design (good mixing, high turbulence, long dwell times), by lean
mixtures or secondary air injection , and by high combustion temperatures.
Unfortunately, high combustion temperatures result in increased CO2 disso-
ciation (forming CO) and, perhaps more seriously, the formation of oxides
of nitrogen as shown in Figure 1. Carbon monoxide formation can be re-
duced by use of excess air (lean mixtures) but this results in still greater
formation of oxides of nitrogen. Long combustion chamber dwell times also
aggravate the oxides of nitrogen problem. A

The incinerator emissions problem is therefore quite similar to ‘
the automotive emissions problem: most of the steps that result in "cleaner", =/>
more complete combustion create additional problems in terms of the form-
ation of oxides of nitrogen. Of these, NZO is relatively harmless and NO2
and N:ZO 4 are not stable at elevated temperatures; NO, however, is poisonous,
and will oxidize in the atmosphere to form N02, the poisonous reddish-brown
gas that is such a major air pollution factor. Table X presents additional
information on the various oxides of nitrogen.

The problem is not an impossible one, however, and considerable
progress has been made in vastly reducing both automotive and gas turbine
emissions through improved combustion chamber design. Thorough mixing
and turbulence seem to be beneficial from all points of view. Temperature
problems can be alleviated by ensuring uniformity of temperature: that is,
by eliminating hot spots which serve no functional purpose, but which can be
responsible for a large fraction of the NO formation. Some control of residence
time seems possible in gas turbine combustors (and, presumably, incinerators):
NO formation is a function of time as well as temperature; if the time that a
typical gas particle spends at elevated temperature can be controlled to the \)
minimum value consistent with complete combustion, then NO emissions can
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be minimized. Thorough mixing has the added advantage of shortening the
dwell time needed to insure complete combustion, by increasing the proba-
bility of early contact between an air molecule and a fuel molecule. In an
incinerator there is no need for a high cxit temperature, so that a water
quench is a possible means of controlling dwell time. Alternatively, secon-
dary air (air added downstream of the primary combustion zone) might be
used to bring the temperature to a level too low for NO formation, but high

enough for some of the combustion reactions to go to completion,

II. A.3. Environmental Standards

Existing standards and limitations are based primarily on toxicity
data, which can be presented in various forms depending on length of expo-
sure, etc. For the safe disposal of waste propellants, the acceptable cri-
teria for release into the environment are defined by the limits in Table XI.
Most of these data were obtained from publications of the American Con-
ference of Governmental Industrial Hygienists (ACGIH) and Occupational
Safety and Health Administration (OSHA) tables. Other sources include the
National Academy of Science/National Research Council's Committee on
Toxicology (NAS/NRC), and the American Industrial Hygiene Association
(ATHA). Much of the original data has been collected in the "Hazards of
Chemical Rockets and Propellants Handbook"3 prepared under the auspices

of the Joint Army, Navy, NASA, Air Force (JANNAF) Propulsion Committee.

The Threshold Limit Values (TLV) refer to the concentrations of an
airborne constituent to which nearly all workers may be exposed repeatedly,
day after day without adverse effect. The TLV represents a time-weighted

concentration for a 7 or 8-hour workday and 40 hour work week.

Emergency Exposure Limits (EEL) are limits applied to protect
industrial workers should an emergency (accident) situation occur.

"Skin warning" refers to the potential contribution to the overall

3Volume III, "Liquid Propellant Handling, Storage and Transportation",

AD 870259, CPIA/194, May 1972,
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exposure\ by cutanaceous absorption, including mucuous membranes and
eves, either by airborne or direct contact with the substance.

The toxicity data presented above represent standards that have been
formulated with reference to personnel working with toxic substances, and
as such do not represent the only criteria to be considered in evaluating
the environmental effects of hydrazine fuel incinerators. Two recent

studies have addressed the problem of acceptable atmospheric levels of
hydrazine fuels.

The TRW study4, which was performed for the Environmental Pro-
tection Agency (EPA) and will undoubtedly have a strong influence on future
EPA standards, presents a "recommended provnslonal limit in air' of . 01 ppm
for N H The basis for this recommendation is given as ". 01 times TLV",
and presumably this criterion would also be applied to MMH and UDMH.

The same set of reports also recommends provisional maximum exposure
limits for ammonia (. 02 mg/m ), and carbon monoxide (0.55 mg/m ) in

air, both values again based on 1 % of the TLV. *It should be mentioned that
application of these limits is not entirely straightforward, because of the
effects of diffusion, turbulent mixing, distance from the source at which they
are to be applied (depending on the location of the source), the possible
existence of other sources (particularly in the case of CO), etc.

Another approach was taken by the Environmental Health Office at
Vandenberg Air Force Base, which studied all available local and national
standards and criteria in formulating the limits presented in Table XII. These
limits are taken from Base Reg. 19-1, dated 2 April 1973. Short Term
Public Limits (STPL's) are defined as "permissible limits for public expo-
sure during planned release of air contaminants", and Public Emergency
Limits (PEL's) are defined as "limits applied to protect the public should an
emergency (accident) situation occur'. All limits are defined as applying at
the perimeter of the controlled area.

%0p. cit., Vol. XII, p. 323.

*
In the case of ammonia, there appears to be a discrepancy between the
stated basis for recommendation and the actual recommended provisional limit,
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A final consideration in terms of environmental standards is the
possible need for relegation to a National Disposal Site. This question was
addressed in the TRW report 'in the following terms:

"Hydrazine does not appear to be a candidate waste stream consti-
tuent for National Disposal Sites. It is anticipated that packaged
hydrazine and hydrazine in aqueous waste streams will continue to
be treated at the source of waste generation. The major products

of combustion or decomposition are the elements, water or ammonia
which do not present a secondary disposal problem". °

Though not specifically mentioned in this report, the same comments can
be tacitly assumed to apply to MMH, UDMH, and Aerozine 50.

1I. A. 4. Bases for Evaluation

The major products during incineration of hydrazine - type wastes
with auxiliary fuels are Nz, HZO' 002, and CO formed in varying con-
centrations depending on thermal and concentration parameters as well as
other factors. Minor products of combustion are Hz, NOx, C, SO2 and (D
hydrocarbons. The concentration of Nox is of prime interest from the en-
vironmental and ecological viewpoints.

Table XIII, complied from available analytical reports, 6 shows the high
and low concentration of combustion products from incineration of N2H 1 and
UDMH. A study of these reports shows that under optimum con-
ditions only small quantities (5 - 500 ppm) of NO_ pollutant are formed,
but up to 10 or 20 times these amounts can form under non-optimum condi-
tions. It also became obvious that the same equipment operating under

varying  fuel/air ratio, temperature, propellant concentration or type,

5Volume XII, page 335.
6Compilation of data was from the following.reports:

a) Pan Am U327, 3 January 1972

b) Pan Am MD-EH, 26 February 1971

¢) Pan Am, 8 October 1970

d) Joel E. Hutson, "Toxic Waste Burner Evaluation", Final Report,
AFRPL Contract No. F04611-73-C-0007 (Marquardt Co. Report
S-1271), November 1973.
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feed vate or other parvameters will produce a wide compositional range

of the gascous constituents,

TABLE XN
CONCENTRATION OF COMBUSTION PRODUCTS

Combustion Incineration of:
Product ‘ N2H 1 UDMH

Low High Low High
NOx, ppm 2 3720 20 4113 "
CO, ppm 5 19,000 2 - 76,000
CO._,‘, o | 0.3 4.4 0.3 9.1
02, o 0.5 I8 0.2 20.6
m,, % N.D. N. D, .89 12,
Total HC, ppm 8 CN.D. 9.5 1750
HC jAs Cg), ppm <5 50 <10 10,700
HC (As CH-I)’ ppm <5 3230 £10 7000
NIf,, ppm : 6 46 £0.8 7 2170
Amines - RNTIZ, ppm { £5 50 <4 390
UDMH, ppm —— -—— £0.5 £2.0
N2H4. ppm ) £.02 30 - -

The most extensive study that has been performed on incineration
of waste hydrazines is the Marquardt study performed for AFRPL. 7 This
was a combined theoretical and experimental study, based on the Marquardt
"SUE" (Sudcien Expansion) incinerator. The theoretical portion of the study
consisted of calculating the theorctical equilibrium compositions of the pro-
ducts of combustion of various combinations of N2H 4 UDMH, natural gas,
and air. These computations were based on NASA Report SP-273, "Computer

Program for Calculation of Complex Chemical Equilibrium Compositions,

"bid.
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Rocket Performance, Incident and Reflected Shocks, and Chapman-Jouguet
Detonations”, by Sanford Gordon and Bonnie J. MeBride, 1971, The /"“}
results, which of course are not restricted to any particular incinerator

design, arve presented in Figures 2 through 6.

The experimental portion of the Marquardt program was based on
these equilibrium curves, the primarvy objective being to experimentally
verify the more desirable operating points identified by the theoretical
results. Results of the experimental program were generally quite satis-
factory, giving good agreement with the theoretical predictions and good
operating characteristics. The final report stated that

""Using either UDMH or NuoH} as the primary fuel and natural

gas as an ignition and sustaining fuel, the SUE incinerator

ignited easily, burned smoothly, destroyed the primary fuel

to less than 2 ppm by weight and produced NOx at well below

the 165 ppm target limit. "

The burner used in this test program was an air cooled, 6 inch
by 12 inch burner, as shown in Figures 6 and 7. Fuel was injected at the
sudden expansion plane and directed toward the centerline of the burner.

Combustion began at the sudden expansion and continued downstream for

a distance of about two chamber dinmeters. Waste fuel and natural gas
nozzles were typically closed-end tubes with slots near the tips, mounted

on circular manifdlds at the sudden expansion, although a central poppet
nozzle for waste fuel injection was also used in some runs, as shown in
Figure 6. Secondary air injection, to obtain complete combustion in the case
of fuel-rich primary combustion, and water injection to quench the hot pro-
ducts of combustion and hence minimize NO formation, were also used in
some of the tests. Samples were normally taken at the end of the reaction

tail pipe, upstream of the scrubber.

Maximum destruction rates were given as 138 gallons per hour

for N2H It 100 gallons per hour for UDMH. These rates were obtained with

over-stoichiometric operation, using secondary air injection and water in-

jection to reduce the levels of CO and H,, in the exhaust. Satisfactory pro-

2
pellant destruction was also obtained at very lean ratios, with acceptable

NOY levels, but in this case destruction rates were very low. Test results,
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in terms of NO\: measurements, are presented in Figures 8 and 9.

1I.A.5. Overall Evaluation

The data supplied indicate that incineration of hydrazines using an

auxiliary fuel gtypically liquefied petroleum gas, natural

gas, or fuel oil) can be controlled to give environmentally harmless products.

A major difference between some of the various incinerators cur-
rently in use involves size and fuel consumption, for comparable waste
destruction rates. The overall environmental impact of o large burner with
high fucl consumption and long pre-heat periods might be much more adverse
than considerations of trace speeies concentrations in the effluent would

indicate.

The only example we have scen of a small, modern incinerator that
is well-adapted to on-site, quick-reaction disposal of hypergolic propellants
is the “SUE" (SUdden Expansion) incinerator marketed by the Marquardt
Company, Van Nuys, California. In the program described in the preceding
section, this incinerator was tested and evaluated as a means of disposing
of N?."-l’ UDMH, and N20 4 Although the N20 4 tests were inconclusive,
the N?;H‘ and UDMII tests gave quite satisfactory results, and there is no ’

reason to believe that the samce incinerator wouldn't be equally effective for
MMH.

Maximum acceptable propellant mass flow rate through this burner
is 138 gallons per hour for Nzll v 100 gallons per hour for UDMH, with a
natural gas flow of . 008 and .012 pounds per second, respectively, or approx-
imately 700 and 1000 SCFH. At these flow rates, 5000 gallons of waste fucl
could be de_stroyed in 36-50 hours of continuous operation, or a 55-gallon
drum in a half hour or so. Because of the use of natural gas as an auxiliary
fuel, ‘there need be no minimum flow rate of the waste propellant. Warm-up
time (required to stabilize the flame, etc.) is five to ten minutes. For these
reasons, we believe this incinerator is an acceptable disposal method for

liquid hydrazines in both large and small quantities.

As a practical matter, it would be desirable if the same incinerator
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could be used for disposal of both liquid hydrazines and hydrazine vapors.
We believe there isa good possibility  that the SUEF incinerator could be
adapted to this multi-mode operation, but that this modification would re-

quire a development and test program to establish its effectiveness.

Other development work might also be beneficial, and Marquardt's
final contract report mentions that a desirable modification might be a
longer reaction tailpipe, with a turbulator sect ion, to more effectivelv re-
duce CO and CHx emissions when operating over-stoichiometric with secon-

dary air injection.

Other incinerators might also be developed that would be at least
equally effective. While the SUE burner is modern and well-designed by
comparison with the large units installed at various sites during the early
1960's, it is not very advanced in terms of current combustor technology,

particularly with regard to nozzle design and secondary air injection.

Our overnll evaluation, however, is that the SUE burner is currently
an environmentally acceptable means of destroying liquid hydrazine fuels. ’ v)*
Large incinerators of the type still in use at ETR are also environmentally
aécc;ﬁuh]c in terms of point-of-use emissions, on the basis of the Pan
American World Airways data included in Table XIII, and other unpublished
data. The overall environmental impact of theselarger units might be judged un-
favorable on the basis of their very high consumption of
hydrocarbon fucls, however, In addition, their more complex operational
requirements, special siting requirements, and long warm-up cycles all
place them at a disndvantage compared to the smaller, simpler SUE burner,
and we have not been able to identify any grounds on which their performance
is superior to that of the SUE unit, except for the ability to destroy
aqueous solutions. At the same time, we believe that the SUE in its
current form does not represent a very advanced level of combustor
technology, and that further development of either the SUE concept or

other concepts could vield substantial improvements in the future.
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B. OPEN PIT INCINERATION

11. B. 1. Current Applications

Open pit burning is recommended by the chemical industry for dis-

posal of large quantities of hyvdrazines, and is still in fairly widespread usé,

although it seems Lo be less prevalent now than several years ago. The
TRW studyl labeled this method "generally acceptable' but warned of exces-
sive NO‘ generation. Concentrations less than 409% are not combustible, and

other contaminants might also pose a problem.

lI. B. 2. ‘Thermochemical Aspects

An open pit incinerator consists of a rigid shell or lined pi! ot
suitable width and height with an open top. An array of closely spaced nozzles

might be used to provide high velocity air over the burning zone.

High burning rates, long residence time, and high flame temperature
arc achicved. Smoke can be controlled but some particulate matter (soot)
and a visible plume of toxic gas (NO,) is produced. Exit gases are released

direetly to the atmosphere.

The stoichiometric combustion equations are:
air
N,H + (0, +3.76 N,)—2H,0 + 1.76 N,

(CH:}) Nzll3 2.5 (O: '3, 70 Nz)——> Co, +3 HZO 10,3 N;_’.

2

(CH,),, NI, +4 (O, ' 3.76 N, )=——22CO_ + -+ H.O + 16.04 N,
3o Notly 2 2 2 a

2

It must be emphasized that mixture ratios and temperatures are not
well controlled in this process, and can vary substantially with both position
and time. Formation of partial products and oxides of nitrogen is to be
cxpected. The usual means of minimizing these emissions do not seem appli-

cable to open pit burning.

lop. cit., Vol. XII, page 333.

.
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11. 3. 3. Environmeutal Standards

All products of combustion are released directly to the atmosphere,
and hence environmental standards are those detailed in the preceding sec-

tion on incineration.

1I.B. 4. Overall Evaluation

Although open pit incineration is an effective means of destroying
hydrazines, the probability of excessive generation of oxides of nitrogen, and
CO in the case of the methyl-substituted hydrazines, render it environmentally
undesirable, in our view. The TRW rOport2 comments that '""For drum quan-
titics of hydrazine this method is generally acceptable although since exces-
sive NO.\' might be generated another option would be preferred'. Because
of the number of other options available, and their overall acceptability,
we prefer to regard open pit burning as unacceptable for the purposes of
this study, except under certain special circumstances such as emergency

situations in remote locations. o )
° . N

C. CHEMICAL TREATMENTS

1I.C.1. Current Applications

A number of the organizations contacted in Phase 1ol this study
dispose of hydrazines by dilution followed by necutralization. The chemical
industry recommends neutralization using calcium hypochlorite or a
dilute solution of hydrogen pcroxide, catalvzed by a trace amount of copper
sulfate. Dilute hyvdrochloric or sulfuric acid is also recommended in the
case of MMH, and atmospheric oxygen in the presence of copper salts for
N,H 4

' The catalyzed hydrogen peroxide reaction is currently being used by
several of the organizations contacted, but not, as far as we could ascertain,
the hydrochloric or sulfuric acid reactions. Two
organizations precede the hydrogen peroxide reaction with addition of sodium
hvdroxide, and at least one uses sodium hydroxide alone to treat dilute hydra-

zine wastes. Also used for neutralization purposes are dilute nitrogen tetroxide, .-

/

21bid.
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sodinm hypochlorvite, and hyvdrosvacetic aciud. (Nilrogen tetroside s oflen

for both fucel ad oxidicor wastes,)

iI.C. 2.

used in o de facto manner gimphy beeause the same holding, powds stre usied

Hydrasine vapors arve often sent through water-spray scerubbers,

~amd the water then treated by one of these neutralization reactisns.

Chemical Description

Equations show reactions in dilute solutions, for N‘,H_{:

Curt
catalyst

1. N, rznzoz———mg AHL,0

27

In basic solution N, H acts as a reducing agent:

l

2
———NH, + 1/2N, + H,0 +e

Possible 172 reactions ————3N,, + 4H20 i de

——-——H/ZN; +1/2NHg

+ gnzo +2e
2. N,H, +Ca (ClO)\;—=N, + H,0 + 2HCl +CaO

In solution Ca O reacts: CaQ + 2HCl=—>Ca Cl2 + H,0

. o CaO + HZO-—-—§C:1 (O,
3. N.,ll_} +2 NaOCl—>N, + 21120 + 2NaCl
+ -
4. _ Nz,BJ‘ + HCI )NZH5 + Cl
>N, + 5U° +de
Possible 1/2 reactions in ———————31/2 Né + NH4+ + H'+ + e
acidic solution >1/2 NH, + lNH4+ ] g”% + 26

[ 4
Pe NoHy + N0, s 2n0 + 20,0

6. Na OH is used primarily to adjust the pH of the solution, and does

not react with the hyvdrazine to any significant extent.

The comparable reactions for MM are:

1. CHy Nylly +5 1,05———N, + 8 H,0 + CO,
: Cut+ 7 -
catalyst &
89
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[ 4
.

2 CHy N, g

+5Na O Cl-—-)N + 3H

+5 Ca (Cl ()).,—')2N +6H,0 ¢ 2C0, i 5Ca Cl,

3. CH, N,H O +5Na Cl + co,

273 2

4. CH3 I\2H3 + 2N204—4 3 12N2 + 3NO + CO2 + 3H20

These equations are idealized for complete reaction. As in most

chemical reactions trace amounts of possible products formed are not shown.

The same reagents react with UDMH as follows:

Cat.
1. ((‘II}), 2 2 + :-Hl._,‘Oz—-A—’N:2 + 12H20 + 2C():2
2. (CII3)., 2 9 t 4Ca (Cl ())2——)N2 + 4H20 + 2(‘02 + 4Ca Cl2

3. (Clls),, N,H 8 NaoO Cl——)N2 + 4H20 + .‘ZCO2 + 8 Na Cl

2tg "
4. (CH3)., N2H2 +3 N204———>2N2 +4NO + 4!120 + 2(‘.02

Small quantities of hyvdrazine-type fuels collected into a sunmip, tank
or pond are highly diluted with [I,0O (at least 1:100). The pH is adjusted and
catalyst added, if required. The solution is then treated with one of the

reagents given in the equations above and in Table XIV. These reagents are

‘applied slowly and in slight excess to allow heat dissipation from the reaction.

The treated solution, checked for pIi and presence of amines, is discharged
into a stream, scewer or ground surface possibly with additional dilution.

Heat is generated in quantity in each of the reactions so that control-
led addition of reagent is necessary.  Some mceans is required for insuring
complete decomposition of propellant during treatment without excessive

addition of reagent thus adding to the overall cost,

The figures for the reagent cost were derived from recent prices
of ton lots of the reagent in the amount required for the stoichiometric
neutralization of the propellant. Although the rcagent costs were computed,
these values were not used for final cvaluation since they may be overshad-

owed by other factors.

Hydroxyacetic acid was not included in Table XIV due to its excessively

high cost ($3. 75/kg for 70%) and to the fact that only one company mentioned
its use several years back (early Apollo flights).
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11.C. 3. Envlronmental Standards

Any vapor 8 reaching the atmosphere from neutralization ponds
would be governed by the standards detailed in Section A above, "Incinera-
tion", Primary effluent from any neutralization pond, however, is a liquid
release, and 1in this case environmental standards are much less well defined.

The closest approximation we found to published standards regarding
allowable hydrazine levels in water or soil are the recommendations of the
TRW report referred to several times in earlier sections of this report.

The TRW study, as stated earlier, was funded by EPA and probably represents
an important part of the basis for future EPA standards The TRW report3
recommends a provisional limit of 1.0 ppm hydrazine in water and soil,

giving as their "Basis for Recommendation" the statement that "Quantity will
rapidly oxidlze to near-zero concentration'r,

The TRW report also recommends provisional limits for several of
the other constituents that might appear in neutralization pond effluents, a
shown in Table XV.

I.C.4. Bases for Evaluation

The recommended provisional limits in the preceding sub-section
are obviously very low, and in fact the limits for all of the neutralization
reagents lxsted_!n Table XIV, as well as reaction products such as slaked lime
and quicklime, are actually much lower than the limit for hydrazine itself.
We must therefore conclude that if any of these reagents is to be used,
quantities must be very carefully controlled and concentrations continuously
monitored to avoid excess reagent addition. Since these reagents are .111

water soluble, excess addition will result in the reagent appe1rlng in the
pond effluent.

The safety factors involved in handling these reagents is an impor-
tant consideration in evaluation. For this reason, hydrogen peroxxde possesses
special advantages in that since it is already present at KSC and used as a
hypergol , its use in neutralizing the hydrazines would obviate the need to
employ other agents with different safety properties whxch physicians and
workers would have to be alerted to.
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TABLE XV

RECOMMENDED PROVISIONAL LIMITS FOR
POSSIBLE NEUTRALIZATION POND EFFLUENT CONSTITUENTS,
from TRW Report No. 21485-6013-RU-00

Contaminant in Water
and Soil

Provisional Limit

Basis for Recommendation

Calcium hydroxide
(slaked lime)

Calcium oxide
(quicklime)

Ammonium hydrox-
ide (ammonia water)
Hydrochloric acid
Hydrogcen peroxide
Mixed acid

Nitric acid

Sulfuric acid

Sodium hypochlorite-

NaOCl

Calcium ‘hypochlorite-
Ca(Cl0),

0.25 ppm

0.25 ppm

0.01 ppm

0. 35 ppm

0.07 ppm ’

0.05 to 0.25 ppm

0.25 ppm

- 0.05 ppm

0.10 ppm

0.125 ppm

Stokingér and Woodward
Method

Stokinger and Woodward
Method

Stokinger and Woodward
Method

Stokinger and Woodward
Method

Stokinger and Woodward
Method

Stokinger and Woodward
Method

Stokinger and Woodward
Method

Stokinger and Woodward
Method

Stokinger and Woodward
Method

Stokinger and Woodward
Method

Hydrazine- N2H 4 1.0 ppm Quantity will rapidly
oxidize to near-zero con-
centration
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Kven more severe than the vestriction on neutralization reagents Q
in the effluent, however, is (he vestriction on ammonium -h.vdmxi(lv, or
ammonia gas dissolved in water. I this restriction is incorporated in
future liquid waste discharge standavds, it would be a strong [actor against
the selection of those reagents (11202, H Cl) that result in the formation of

ammonia gas and ammonium radicals.

The liquid effluents from these systems will also contain ions of

++ + - - -

Ca , Na,Cl, Noz’ or NO3. These materials can be released in small quan-
tities into a sewer, stream or ground without undue concern for the present
pollution regulation.

Selection of a ground waste disposal site should be based so that
the discharged liquid waste infiltrates and percolates into the ground sur-
face where no possibility of impairment exists. Disposal of wastes should

not be near fresh water aquifers, wells or any other usable water sources.

All of these disposal methods will meet the air pollution standards
since N2 is the only gas released. The NO formed in reaction 5 will dissolve

in H20 forming HNO2 when sufficient H20 is available, as is usually the case. [W

II.C.5. Overall Evaluation

Because of the overall controllability of neutralization ponds - the
fact that, with adequate capacity, unplanned releases need not occur, and
effluent discharge can await ''satisfactory" conditions within the pond - and
because of the absence of air pollution factors, it is our conclusion that
neutralization ponds using any of the reagents listed in Sub-Section 2 are
environmentally acceptable as means of destroying hydrazine fuels. This

acceptability is of course dependent on the provision of adequate equipment

and procedures for monitoring and controlling the composition of the pond.
It might also be necessary in some cases to provide a means of secondary

dilution, such as a separate discharge pond.
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Acceptability does not imply practicality, however, and we believe
that the practicality of these ncutralization systems is veryv dependent on
the sceverity of future restrictions on ground water discharges. As long as
reasonable amounts of dissolved hypochlorites, and slaked lime and quick-
lime,are allowed, methods 2 and 3 in the tables are practical, although
somewhat expensive. If dissolved ammonia is also allowed in small quan-
tities, the HZOZ system would also be quite practical, and if very dilute
H Cl can also be discharged, the low chemical cost of this rcagent could
make it quite attractive. Use of Nzo 4 (other than diluted waste
NZO 4) is not advocated primarily due to the unpredictable logistics and costly
adequate control problems. On an assumed cost of $.25/1b of N20 v the

chemical cost to treat 1 1b NZH-L would be $0. 72.

Our first choice among the listed reagents, keeping in mind
possible operational complications as a result of future environmental
standards, would be hydrogen peroxide. [t's use as a hypergol means
that it will always be available at KSC. Thus involved personnel will not
have to familiarize themselves with the safety properties of another agent.
Also, as seen in Table XIV, HZO2 can neutralize the hydrazine at less cost

than the hypochlorites.

It should be mentioned that the possibility of using the same neutrali-
zation pond for both fuel and oxidizer destruction is a significant factor in
evaluating the desirability of these disposal systems for specific applications.
Another attractive feature is the fact that large quantities of either fuel or
oxidizer could be very quickly transferred to a neutralization pond in emer-

gency situations, whereas incinerators have inherent flow rate limitations.



D. DILUTION AIR OXIDATION/BACTERIAL ACTION

1I. D. 1. Current Applications

Water dilution of liquid hydrazine wastes followed by discharge to
untreated holding ponds is one of the most common means of disposal of
this fuel. In the holding pond, air oxidation and bacterial action slowly
convert the hydrazine to nitrogen, ammonia and water, as described in the
following subsection. In some operations, normal evaporation is sufficient
to control the holding pond level and liquid is never withdrawn from the
holding pond.

. Aeration - either by bubbling air through the pond, or by spraying
pond water up into the air - is a variation on the air oxidation approach that
will speed up the destruction of hydrazine by making oxygen more readily
available to all parts of the pond. Air bubbling was found in Phase 1 of this
study to be in use at two locations at the present time, and a spray pond is )
currently being tested at Vandenberg Air Force Base. " )

II. D. 2. Chemical Description

Hydrazine fuel is mixed with copious amounts of water to form a
very dilute hydrazine solution, in which hydrazine slowly decomposes - aided
by bacterial action - and reacts with dissolved oxygen according to the fol-

lowing two stoichiometric equations:
Bacteria, Air

1. 2N,H, 6 +1/20, 3N, + 2NHy + H,0

2. N2H4 +0 ——>2H20 + N2

2

The equations for MMH and UDMH are:

3. (CHy) NH, + 0,—»2NH, + CO,

4. (CHy) NH, +2.5 O,—3CO0, +3H,0 +N,

5. (CHg), NH, +2.5 02—————9 2NH, +2CO0,, + H,0

6. (CHy), N H, +40,~——2CO, + 4H,0 + N, o

L
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The primary function of air bubbling, or water sprayving, is to improve
on the quiescent situation, in which oxvgen is available only at the surface, by
distributing oxvgen through all parts of the pond - or, in the case of sprays,
by distributing all parts of the pond through the oxygen. In any case, the
oxidation reaction is very slow at atmospheric temperature, and the heat
release in a pond will not significantly raise the temperature such as to increase
the rate of reaction. (Unlike the case of air oxidation of anhydrous hydrazine
in a confined area, which can be unstable and result in fire or explosion.)

In normal sewage treatment practice, an oxidation pond utilizes bacteria
to aerobically stabilize the organic material present in the waste water,
resulting in the conversion of C to COz, H2 to HZO’ and N2 to NH3. The
oxygen for the bacteria is supplied by both air surface transfer and the
metabolism of algae in the pond. The cycle is completed when the algae use
the waste stabilization products CO2 and NH3
presence of sunlight, and thereby liberate oxygen as an end product to be used
by the bacteria for oxidizing the organic wastes and synthesizing bacterial pro-
toplasm. In addition to biological stabilization, other processes taking placé

to synthesize new cells in the

in oxidation ponds may include balancing of the acids, coagulation and sedi-

mentation of solids, and neutralization of any alkalinity.

11. D.3. Environmental Standards

Environmental standards are the same as those outlined in the preceding

section on neutralization ponds.

Visits by study personnel were made to the Western Test Range at
Vandenberg Air Force Base, Johnson Space Center, and White Sands Proving
Ground to observe existing oxidation ponds first hand and talk with engineers
responsible for their design, maintenance and operation. The only operational

aeration pond was at Johnson Space Center, where a very large flow of air is

introduced thi'ough two H-shaped manifolds at the bottom of a fairly deep concrete

holding pond. The bubbles generated are quite large, and result in a general

. roiling motion of the central part of the pond and visible circulation throughout
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most of the pond. At the Western Test Range, a spray pond has been constructed
for experimental purposes, and one batch of hydrazine has been oxidized in the
pond for data collection purposes. Oxidation ponds at White Sands Proving
Ground are essentially untreated holding ponds, with air oxidation taking place

naturally at the surface but no aeration.

Measurements at both Western Test Range and J oimson Space Center show
that during aeration a period of time passes in which dissolved oxygen levels
in the water increase, but there is no significant reduction in hydrazine level;
this period is followed by a reduction in hydrazine content once the dissolved
oxygen reaches saturation.

Operating experience at the one operational holding pond has apparently
been quite satisfactory. It should be noted, however, that very little hydrazine
disposal has taken place at JSC during the time (several months) that the
aerator has been installed in this pond. The primary reason for installation
was to provide a means of quickly oxidizing the hydrazine in case of emergencies -
the need for pumping water from the pond to prevent overflow during very ~
rainy weather, for example. Starting with a 300 ppm N2H 4 concentration in
0.5 million gallons of water, the hydrazine concentration can be reduced to 5
ppm in about twenty hours, with most of the reduction occurring in the last
two to three hours. The addition of copper sulfate or iron oxide as a catalyst

contributes to the speed of oxidation.

In the experiment at WTR, mixed hydrazine fuels were added to 50, 000 gallons
of water to a level of 120 ppm, with 0.2 mg/1 copper ion as catalyst. The
mixture was then sprayed into the air at a rate of 60 liters per minute for
eleven days, achieving dissolved oxygen saturation, and allowed to sit. The
hydrazine disappeared slowly thereafter, with oxidation essentially complete
after another nine days. There was no significant emission to the atmosphere -
only trace amounts of UDMH could be detected at a point six inches above the
pond surface, except for one 6 ppm reading made thirty minutes after hydrazine
transfer to the pond.
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The only undesivable end product identitied by the stoichiomet rie
cquations i8 ammonia, which will be dissolved in the water (ammonium hvdroxide)
and released to the atmosphere to some extent. The threshold Limit Value for
ammonia in air recommended by the American Conference of Governmental
Industrial Hygienists is 25 mg/ms, and the provisional Maximum Exposure
Limit recommended by the TRW Study1 is .02 mg/ms. Actual levels above
oxidation ponds are difficult to calculate because of undetermined effects of
numerous variables such as insolation (intensity, hours per day, etc.),
bacterial action, surface area versus depth, temperature, relative humidity,
wind velocities, etc. In view of the slow rates involved with oxidation pond
processes, and the absence of reports of ammonia odors, we see no reason
to expect atmospheric ammonia releases to be a problem except perhaps in

the casc of spray ponds.

In many applications, it would be expected that periodic liquid discharges
from oxidation ponds would be required. In these cases, the ammonia content
of the water could be a problem, especially if the very restrictive ammonium
hydroxide provisional limit shown in Table XV is adopted. In addition,
because of the slowness of the air oxidation reaction, two ponds (probably
in series) would have to be used so that the pond being emptied could be
protected from fresh hydrazine addition for a period of time prior to discharge.

Selection of a ground waste disposal site should be such that the discharged
waste infiltrates and percolates into the ground surface where no possibility
of impairment exists. Disposal of wastes should not be near fresh water
aquifers, wells, or other usable water sources.

1Op. cit., Vol XII, pages 102-104.
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I1. D.5. QOverall Kvaluation

Provided that the various restrictions of the preceding subsection
are met, it is our conclusion that an oxidation pond is an acceptable means
of destroying waste liquid hydrazines. Indeed, it is one of the most accep-
table means, as it possesses most of the advantages of the neutralization
ponds without the disadvantage of introducing other chemicals, possibly
harmful to the environment, into the process. An additional advantage is
the fact that, since salts and other dissolved solids are not formed, there
is no inherent necessity for periodically draining the pond. As long as the
hydrazine addition does not exceed the capacity of the pond, there is no
reason why it cannot continue to function indefinitely, with the only effluents
being nitrogen, water vapor (normal evaporation) and trace amounts of
ammonia into the atmosphere.

The entire question of aeration ponds was investigated in greater
depth during Phase 3, including the use of an ozone generator to add this
strong oxidizer to the gas bubbled into the pond. Results of these studies D
arc included in the sections on Alternate Disposal Concepts and Application
Studies.

E. OPEN BURNING

Open burning is the burning of waste material on open land without
the use of combustion equipment. This method is not used frequently for
propellant destruction. Generally, considerable black smoke along with
NOx and CO are evolved to the atmosphere. These emissions are the re-
sult of uncontrolled combustion temperature, incomplete combustion due to
poor gas mixing with air, and insufficient residence time of the generated

particulate at elevated temperature.

Open burning is not considered to be an adequate form of waste

propellant disposal because of associated loss of gaseous effluent control.
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F. OCEAN DUMPING

Ocean dumping of a wide variety of hazardous wastes, including
propellants, has been carried out by many nations as an expedient or an
economically attractive disposal technique. Sea water is used as a
reactant or neutralizing medium and as a diluent.

The Council on Environmental Quality recommended "To ban
unregulated ocean dumping of all materials, and strictly limit ocean dis-
posal of any materials harmful to the marine environment'. In responsc,
in October 1970, President Nixon recommended legislation to stop ocean
dumping.

Several bills now in the Housc would totally ban ocean dumping
of any toxic industrial waste, radiological waste or waste matter from
chemical or biological warfare material. As a result it can be expected
that more restrictive standards will be imposed in the future. It is for
these reasons that ocean dumping was deemed environmentally unsound
and was not pursued in this study.

G. POURING DIRECTLY ON OPEN GROUND

Informal communications and conversations have indicated that
the pouring of waste liquid hydrazines directly on the ground in remote areas
is still occasionally practiced, in an informal and unpublicized manner.
Certainly ii; would be difficult for us to make a strong case regarding the
undesirability of disposing of minute amounts in this fashion. Hydrazine
is not a "persistent' chemical, and will rapidly oxidize to near-zero concen-
tration, as pointed out in the TRW report. 1

As a means of disposing 61‘ any significant amount of waste fuel,
however, this method certainly cannot be recommended. In addition to the
danger involved in actually carrying out the operation, there is the likelihood

1 .
Op. cit., Vol XIII, page 333.
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of uncontrolled vapor release, and unpredictable local effects, including
possible lingering contamination in the case of significant quantities of
hydrazine.
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III. DISPOSAL OF HYDRAZINE VAPORS

A. INCINERATION

III. A.1. Current Applications

Only one organization was found during Phase 1 of this study to
have the capability of destroying hydrazine vapors by incineration, and this
organization's systems are used primarily for products of combustion (or

dissociation) rather than directly for hydrazine.

These systems are used in conjunction with testing of small hydra-
zine gas generators and APU's. Exhaust from the test czlls is carried to
small rooftop incinerators - essentially 55 gallon drums with equipment
panels at one end and exhaust deflectors at the other. Natural gas is fed through
the  equipment panel, which also includes a squirrel cage blower and a
spark plué. The air and gas are mixed, and ignition is initiated by the
spark plug. The flame enters the drum through a central hole in the fire-
brick lining on the end; the waste (exhaust) gas from the test cells is fed
into the flame in the central part of the drum by means of a downstream
facing duct. The unit is fired priortothebeginning of a test in the cell below
it. These units were installed after hydrazine testing began,in order to
eliminate a problem with ammonia odors in the test buildings, and they
have been quite successful.

In addition to the rooftop units there is a large incinerator, originally
manufactured by Hirt Combustion Engineers, that services the test facility.
Deluge water from the cells is drained to a sump adjacent to this incinerator;
when enough accumulates, the incinerator is fired and the contents of the
sump injected into it. In addition, there are 6' lines coming directly to the
incinerator, through a liquid-vapor separator in the sumps, from two of the

test cells for exhaust gas from engines running in those two cells.
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Both liquid and vapor can be fed to the incinerator simultaneously.
Natural gas and waste vapors are injected into the main air stream through
an array of nozzles, and the liquid is sprayved into the flame region through
a central nozzle. The sump pump, which supplies liquid to this central
nozzle, can draw cither from the sump, from the liquid-vapor separator,
or from a small external tank that can be used to dispose of contaminated
propellants directly. In case of flame-out, the sump pump is shut off, and
a burst disc directs the waste gas flow to the bottom of the sump, where it

bubbles through the sump water to atmosphere.

With the exception of this system, which has apparently not been
used for the destruction of actual hydrazine vapors (as opposed to dissocia-
tion products), we know of no applications in which hydrazine-containing
vent gases are fed to any sort of incinerator, combustion chamber, or flare

burner.

111. A.2. Thermochemical Aspects @

The discussion of thermochemical aspects presented in Section IIA,
Incineration of Liquid Hydrazines, applies equally well to the incineration
of hydrazine vapors. From the point of view of combustion, the only dif-
ference between liquid and vapor is the difference in enthalpy (latent heat),
which will have a slight effect on flame temperature (higher in the case of

vapor).

Another difference does exist, however, in that it is not expected
that pure hydrazine vapors will normally be encountered in any disposal
system. Since the hydrazines are normally liquid at standard atmospheric
conditions, their vapors can only exist in mixtures containing noncondensible
gases. The vapor pressures of N2H4, MMH, and UDMH at 25 C are given
in Table XVI. The mole fraction of any constituent in a mixture of perfect
gases is equal to the ratio of its partial pressure to the mixture pressure,
and in equilibrium the partial pressure cannot exceed the vapor pressure
corresponding to the temperature of the mixture. The maximum, or satur-
ation, mole fractions for hydrazine vapors mixed with other gases at standard

S

atmospheric conditions are also given in Table XVI. Saturation mass fractions,
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in mixtures with nitrogen at one atmosphere, are also given. At higher
pressures, saturation mole fractions and mass fractions will be smaller;

at higher temperatures, they will be larger.

- The presence of the noncondensible gas, such as nitrogen, will
tend to lower the flame temperature considerably, particularly in the case of
N2H T Formation of oxides of nitrogen will actually be reduced by extra
nitrogen but there might be considerable difficulty obtaining complete com-
bustion. Onme solution might be combustion at a very lean hydrazine-air ratio,
with large amounts of natural gas or other auxiliary fuel used to provide an
adequate flame temperature. In this case, however, destruction rates would
be very low and there is still some question whether the percentage of hydra-
zine actually destroyed would be increased significantly, or whether the
hydrazine discharge would simply be considerably diluted by the excess air
and other combustion products.

An alternate solution might be the use of hydrogen, with its very
high flame temperature and wide combustion limits, as the auxiliary fuel.

IIl. A. 3. Environinenta.l Standards

Environmental standards are the same as those presented in

SectionII.'A. JIncineration of Liquid Hvdrazines.

1I1.A. 4. Overall Evaluation

We believe that the incineration of hydrazine vapors is potentially
a thoroughly acceptable disposal method. Among other possiblilties,both the
SUE burner described in SectionII. A.,Incineration of Liquid Hydrazines, and
the Martin flare burner described in Section V. B.,Nitrogen Tetroxide Vapors,
could perhaps be modified to accommodate hydrazine vapors.

We do not believe that such modifications will necessarily be simple
or straightforward, however, primarily because of the low saturation concen-
trations describéd in Subsection 2 above. In particular, it seems likely that
a vapor burner might be developed which would look very satisfactory in
operation, but which would actually be doing little more than burning an auxil-

iary fuel and diluting the hydrazine vapor to low concentration.
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An acceeptable burner for hydeazine vapor should be reasonably
small, with short proheat times and reasonably low secondary fuel con-
sumption, and should be eapable of actually destroying dilute mixtures of
hydrazine vapors in relatively inert cavrvier gases such as nitrogen.  Until
such a burner is developed and conclusively demonstrated, we must judge

this disposal method unacceptable for current application.

B. VAPOR SCRUBBING

HI. B, 1. Current Applications

At least three organizations contacted in Phase1 of this study vent
hydrazine vapors through water scribbers. The water from the scrubbe rs
is then dischn‘rged to cither a neutralization or an oxidation pond. Other
organizations vent directly to the atmosphere, usually with some sort of

meteorological checks and restrictions.

IIL. B. 2. Chemical Description

The pertinent equations are:

1. N’gll4 + H20 »Solution of N2H4 and NH3 or amines

2. CHy N,Hg +H,0——>Solution of MMH and NH4 or amines

3. (CH3)2 N2H2 + H20‘——)Solution of UDMH and NH3 or amines

4. N2H4 + (CH3)2 Nsz F H20 ———=Solution of N21I4, UDMH and

NH3 or amines

This aqueous solution should then be treated in either a neutrali-
zation pond or an oxidation pond, as discussed in Sections II.C. and II. D.

HI. B.3. Environmental Standards

Environmental standards for hydrazine vapor are detailed in Section

IL A,Incincration of Liquid Hydrazines. Environmenta} standards for liquid

discharges are detailed in SectionlIl.C. Chemical Treatment of Liquid Hydrazines.
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Published data on the actual performance of hydrazine vapor
scrubbers have not been available. Informal contacts have indicated that
field measurements have never shown significant concentrations of

hydrazine vapors being discharged from scrubbers.

It should be remembered that the water scrubber, as shown by
the equations in Subsection 2, is not an ultimate disposal system but
simply a device for exchanging the vapor disposal problem for a liquid
disposal problem. Since Section II of the portion of the report describes
several acceptable methods of liquid disposal, this exchange seems to be
a well-founded one.

1Il. B.5. Overall Evaluation

Vapor scrubbing is the only disposal method currently in use for
hydrazine vapors other than direct discharge to the atmosphere. There is no
doubt that it is environmentally better than atmospheric discharge.

On the basis of information available, our assessment of this dis-
posal method is that it is environmentally acceptable, provided the hydra-
zine-bearing liquid effluent is treated according to the principles set forth
in Section II. ‘

Two additional methods of treating hydrazine vapors were studied
during Phase 3 of this study: condensation, and catalytic decomposition.
Results are reported in the section on Alternate Disposal Methods.

C. VENT TO ATMOSPHERE

Venting of hydrazine vapors into the atmosphere is common practice;
precautions vary from zero to fairly elaborate modeling to determine whether
meteorological conditions are such that turbulent mixing will reduce concen-
trations below certain threshold values. Most common is for wind direction
and velocity to be monitored; near-zero wind or certain wind directions can
shut down operations.
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The provisional maximum exposure limit (see Section IT.A,) of
0.01 ppm in the atmosphere, if applied anywhere near the vent stack,
would preclude venting directly to the atmosphere at significant flow rates on
all but the windiest days. Even more liberal standards would place severe
restrictions on vent operations. Very tall vent stacks alleviate the problem
of concentrations at ground level under most conditions, but there is no

guarantee that air pollution standards will be applied only at ground level,

In view of all these considerations, it is our conclusion that direct
atmospheric venting of hydrazine vapors is an environmentally unacceptable
disposal method except in special cases where only minute vapor quantities

are involved.
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IV. DISPOSAL OF LIQUID NITROGEN TETROXIDE
(DINITROGEN TETROXIDE - N204)

A. INCINERATION

IV.A.1. Current Applications

Of the many incinerators now on the market, at least a few seem
suitable for propellant disposal. One, designed by Thermal Research and
Engineering Corp., of Conshohocken, Pennsylvania, has been in use at
Cape Canaveral over a decade and still seems to be giving very satisfactory
performance; it has been used for disposal of aqueous solutions of
hydrazines and N20 4 Thermal has not designed any other incinerators
for this purpose since then, but is still active in burner design and emissions
control. The Marquardt Company of Van Nuys, California,markets commer-

-cial fume incinerators and liquid incinerators which are an outgrowth of ::)
their work in the ramjet combustion field, and have run tests on disposal
of N2H 4» UDMH, and N20 4 in their Sudden Expansion (SUE) incinerator.

i

IV.A.2. Thermochemical Aspects

Table XVII lists some of the physical properties of nitrogen tetréxide.
The liquid is an equilibrium mixture of N02 and N204, brown in color, that
is prepared industrially from nitric oxide (NO) and air. At 20°GC, the equili-
brium composition of the liquid is 163 NO,» 84% N204. N204 vapors are
colorless, but they decompose very rapidly to form N02; at equilibrium at

25°C, one atmosphere,the N20 4 is 27% dissociated.

NO2 is one of the most insidious gases known. Inflammation of lungs
mmay cause only slight pain or pass unnoticed, but the resulting edema several
days later may cause death. 100 ppm is dangerous for even a short exposure,
and 200 ppm may be fatal.

Threshold Limit Value(TLV) as recommended by the American
Conference of Government and Industrial Hygienists (ACGIH) is 5 parts per

I
"
\~)
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million in air, or 9 milligrams per cubic meter of air.

N20 4 does not burn, but supports the combustion of carbon, phos-
phorous, and sulfur. It is soluble in concentrated sulfuric and nitric
acids,decomposes in water forming nitric acid (HNO3) and nitric oxide (NO),
and reacts with alkalies to form nitrates and nitrites. It is corrosive to
steel when wet, but may be stored in steel cylinders when moisture content

is 0. 1% or less.

TABLE XVII

PHYSICAL PROPERTIES OF N204

Molecular Weight 92,02

Color Colorless (NO2 is red brown gas)
Nitrogen 30. 45%

Oxygen 69.55%

Density 2§ ' 1.448 g/CC

Melting Point -9.3 ¢

Boiling Point 21,3 C

Heat of Vaporization at 21.00C 99.0 cal/g - 4655 cal mole (NO,,)
Critical Temperature 168.2 C )
Critical Pressure 100.0 atm

NO2 and N20 4 are dangerous. When heated they evolve highly toxic
fumes; they will react with water or steam to produce heat and corrosive
liquids; they can react with reducing materials. The odor thresholds for

NO2 are less than 0.5 ppm.

N20 4 decomposes relatively easily and supports combustion. With
proper feed rates and the use of auxiliary fuels combustibility is readily con-
trollable. Temperature can be controlled over some range by varying the
air/fuel ratio. A minimum temperature must be maintained for satisfactory
decomposition of wastes; rates of reaction are increased rapidly by higher
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temperatures. Combustion at high temperatures, however, slowly convert s _r\

atmospherie N, to NO.  This NO is oxidized, either slowly by O,, or rapidh
by (),‘, to produce N( Y,. Combustion ean he desceribed by the followinge
equation:

Auxiliary :

N,O, + FUEL + AlR———) N, | (‘()2 PO + (I, + CO NOY * .

* fraces

The degree of turbulence in the reaction zone significantly affects
the incinerator performance. Intimate mixing of the fuel and NO2 is
required for completeness of combustion. Ideally, adequate destruction of
waste propellant is the reduction of N20 4 to N2 with minimum NO for mation.
Effectiveness is judged by the combustion results as indicated by stack

effluent analysis.

Thermal Research and Engineering Corp. has discussed a number
of methods used to control Nox emissions during combustion processes. An
cquilibrium burner with good internal recirculation characteristics produces
low N()x levels because the mixing at equilibrium leaves little oxygen for _,)
nitrogen oxidation. Another technique uses two stage combustion where the fuel
is burned with less than theoretical air in the primary stage. Air is injected
into the second stage to burn the remainder of fuel. A third procedure is
flue gas recirculation. The gas at the end of combustion is recirculated into
the combustion chamber. The result is lower flame temperatures and oxvgen
concentrations because of dilution with relatively inert gas. This treatment
is not generally used for low NOX concentrations. For low concentrations
magnesium hydroxide scrubbing is promising. Also sulfuric acid scrubbing

or ammonia reduction and scrubbing are possibilities.

The theoretical compositions of the products of combustion of various
combipations of N20 4’ natural gas, propane and air were computed by the
Marquardt Company as part of Air Force Rocket Propulsion Laboratory Con-
tract No. FO 4611-73-C-0007. 1
Report SP-273, "Computer Program for Calculation of Complex Chemical

These computations were based on NASA

Equilibrium Compositions, Rocket Performance, Incident and Reflected Shocks,
and Chapman-Jouguet Detonations" by Sanford Gordon and Bonnie J. McBride,

1Joel E. Hutson, "Toxic Waste Burner Evaluation', Final Report, AF-RPL "')
Contract No. F04611-73-C-0007 (Marquardt Report S-1271), November 1973,
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1971. The results are reproduced in Figures 10 through 12 as useful guide-
lines for future equipment evaluation. Figure 11 indicates that satisfactory
operation can be obtained at over-stoichiometrie conditions with tittle oxces:
5O, which is somoewhat

274
less than 0. 15 results in less than 200 parts per million of NO production.

air present. Thus, a woight ratio of propane to N

Figurc 11 also shows that hyvdrogen is produced from traces up to
4 X 1()5 ppm. When the stoichiometric ratio of propane to NZO 4 is used
4 x 10~l ppm of hydrogen is produced. Carbon monoxide (CO) is produced
from traces up to 3.5 x 105 ppm. At the stoichiometric ratio of propane to
N20 4 about 1.4 x 105ppm are produced. Nitric oxide and nitrogen dioxide
are formed from traces up to over 2x 104 ppm. At the stoichiometric ratio of

propane to N‘>O4 about 1.5 x 104 ppm are produced.

Operation of an incincrator at lean fuel/N204 ratios with high air.
fuel ratios is not feasible due to the low temperature and consequent abundant
NOx gas release into the atmosphere. For this reason, under-stoichiometric
burning with N20 4 and air is not considered practical. (The results shown
in Figure 12 seem to be primarily dilution effects rather than thermochemical

effects. )

Operation at over-stoichiometric incineration (fuelfNZO 1>0. 4) and with
relatively high fuel/air ratio and higher temperature is more desirable. Under

these conditions more fuel is used and more CO and H,, generated but the

amount of NOX formed is considerably reduced. 2

Additional discussion of incinerators, and formation of oxides of
nitrogen is presented in Section IL A., Incineration of Liquid Hydrazines. One
aspect of combustion not discussed in that section might be especially signi-
ficant in the case of destruction of an oxidizer, however; “the possibility of
formation of reactive hydrocarbons. For the complete destruction of an
oxidizer, it is necessary for an incinerator to operate at fuel-rich conditions,
which favor the formation of intermediate products that can be released to the
atmosphere. The complete combustion of a hydrocarbon results in the forma-
tion of carbon dioxide and water,

m m
CnHm +(n+ T) 02-——) n 002 + ) H20

but the reaction of the same hydrocarbon with insufficient oxygen results in
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CONCENTRATIOM (PARTS PER MILLION)
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CONCENTRATION (PARTS PER MILLION)
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the Tormation of an akdehyde and an alky) vadiceat,

HC + O—— RCHO 1+ R*

The aldehvde, RCHO, is a smog-former, and the alkyl radical can veact with

another oxygen molecule to form a peroxyalkyl radical,

R® +02——)R02°

which in turn tends to oxidize nitric oxide to nitrogen dioxide,

ROZ‘ t NQ=————1R O° + NO,

Although the entire complex suquence of chemical and photochemical reactions
that give rise to smog is still largely unknown, these reactions are thought

to be some of the most important. 2 Their severity is8 somewhat diminished

in our case by the fact that the reactivity of exhaust emissions is known to be

very low in cases where propanc or methane is the parent fuel.

IV.A.3. Environmental Standards

The State of Florida has the following environmental standards for
nitrogen dioxide:

Alert Status 0.6 ppm over period of one hour
Warning Status 1.2 ppm over period of one hour
Emergeney Status 1.6 ppm over period of one hour
Alert Status 0.15 ppm averaged over 24 hours
Warning Status 0.30 ppm averaged over 24 hours
Emergency Status 0.40 ppm averaged over 24 hours

Continued exposure of plant life to NO2 will change the flora of the environment.
The following chart denotes susceptible and resistant species:

zEdward FF. Obert, Internal Combustion Engines and Air Pollution,
Intext Educational Publishers, New York, 1973, pages 363-373,
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B
SENSITIVITY OF SELECTED PLANTS TO NITROGEN DIOXIDE

Sapsitive

Azalea  Rhododewdron species
Bear, pinto - Phascolus vulgaris L.
Brittlewood - Melaleuca Leucadendra
Hibiscus - Hibiscus rosasinensis
Lettuce (head) - Lactuca sativa L.
Mustard - Brassica species
Sunflower - Helianthus annuus L.

Tobacco - Nicotiana glutinosa L.

Intermediate

Cheeseweed - Malva parviflora L.

Chickweed - Stellaria media Cyrill

Dandelion - Taraxacum officinale Wepcr ‘ ""D
Grass, annual bluc - Poa annua L.

Orange - Citrus sinensis Osbeck

Ryc - Secale cereale L.

Resistant

Asparagus - Asparagus officinalis L.

Bean, bush - Phaseolus vulgaris L.

Carissa - Carissa carandas

Grass, Kentucky blue - Poa pratensis L.

Heath - Erica species

Ixora - Ixora species

Lamb's-quarters - Chenopodium album L.

Nettle-leaf goosefoo‘t - Chenopodium species

Pigweed - Chenopodium species

Source: Recognition of Air Pollution Injury to Vegetation: A Pictorial Atlas,
m%oﬁuﬁon Control Association

and National Air Pollution Control Association, Pittsburgh, Pa. 1970. - )
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The State of Flovida also has the tollowing environmental standards

for carbon monoxide:

Alert stage 15 ppm 8 hours average
Warning stage 30 ppm 8 hours average
Emergency stage 40 ppm 8 hours average

At the present time there are no standards for hydrocarbons.

Established toxicity levels for NO and NO2 are given in Table XI,
SectionlL A., Incineration of Liquid Hydrazines. Established criteria for
planned and accidental releases are given in Table XII of the same section.
The TRW report3 does not specifically treat oxides of nitrogen, but our
assumption is that the usual standard for provisional Maximum Exposure
Limits - one per cent of the TLV's - would also apply here, yielding 0. 25 ppm
for NO, 0.05 ppm for NOZ'

IV.A.4. Bases for Evaluation

Table XV 11, compiled from available analytic reports ,4’ 5,6, shows
the high :m‘d low concentration of combustion products from incineration of
N. 0 . A study of these reports shows that under optiinum conditions only
sm'\ll quantities (5 - 500 ppm) of NO pollutant are formed, but up to 10 or

20 tunes these amounts can form under non-optimum condltlonq

It should be noted that all of these data were obtained from two incin-
crators - the Thermal Research incinerator installed at ETR, and the
Marquardt SUE incinerator. These incinerators are quite different in concept,

301:0. cit., Vol XII.

4Pan Am Internal Report U 327, dated 3 January 1972,
5Pan Am MD-EH Internal Report, dated 26 February 1971.
6Pan Am Internal Report dated 8 October 1970.

7Joel E. Hutson, op. cit.

119

/L



TABLE XVIII
CONCENTRATION OF N‘,O_1 COMBUSTION PRODUCTS

Low High
NOx y Ppm * 250 7990
CO, ppm or G 1 ppm .5%
Co, , % 8.3 16.7
()2 » % 4.6 7.9
Ilz » PPm or no data no data
Total HC, ppm 4 40.1
HC (As CH-’l)' ppm 23 17,010

* Thermal Research Incinerator, ETR

the Thermal Research unit being a very large incinerator that handles N20 4
as a dilute aqueous solution, and the SUE incinerator being the relatively
small, quick-response unit described in Section II. A, » Incineration of
Liquid Hydrazines. Both the highest and lowest figures for NOx were re-
corded with the Thermal Research unit; all of the test runs with the SUE

unit produced off-scale (3 2000 ppm) NO readings.

The Thermal Research unit is not currently being used to destroy
waste nitrogen tetroxide, and possesses the disadvantages of other large incin-
erators in terms of auxiliary fuel consumption and long preheat cycles. The

SUE results, however, require further discussion.

The SUE Test program, using N20 4> Was prematurely terminated
after only a few runs, and the Marquardt repor:'t8 describes the results as
"inconclusive". Satisfactory N, O, destruction, in terms of no noticeable

274
exhaust color or odor, was obtained in two ways:

8 .
Op. cit., page 31.
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L. by, .. achloving vich combustion with (‘.,;IIR and air only s then
[ 1

simulancously bringimge in N.,(b|. e reasing (‘,.;Il,‘,, and decreasing are

-

until sutficient fuel was available to theoretieally provide over-

stoichiometric burning of both air and N O 4 nd

3”8 , N204

2. "at a constant C
air .... As air flow was reduced ... the exhaust cleaned up

ratio and decreasing amounts of

until no discoloration or odor was noticed. "

In neither case, however, was it possible to bring NO emissions within the

range of the instrumentation.

By way of explanation of the high NO rcadings, the author points
out that "There are several possibilitics such as instrument error in NO
. . L1000
measurcments or flow rate errvors in propellant meters. T'here are
also other possibilities more closely related to the actual incinerator per-

formance.

* A comment is probably in order at this point regarding discrepancies
between theoretical and observed products of combustion. There is no
reason to_ expect that the equilibrium compositions of Figures 10
through 12 (or 2 through 5) will necessarily be achieved in any particular
incinerator. In particular, failure to achieve the desired results can be

caused by the following:

1. Failure to achieve equilibrium, through poor mixing, short
stay times, etc. The theoretical calculations are made on the

basis of all reactions going to completion.

2. Non-uniform incinerator flow conditions. Measured inlet flow
rates give average values only for mixture ratios; local variations
could result in different product compositions at different points in
the incinerator. In particular, local hot spots can result in large

NO formation in almost any sort of air-breathing combustion chamber.

9Op. cit., page 32,

10 .
Op. cit., page 33.



We are not at this point presenting any conelusions rogavding the

SUE burnev's performance in this respeet, but meoerely recording some of
the possibilities.  Recommendations for further work made in the Ma rqu:rdt
report include "re-evaluation of the incineration configuration and injection

svstem'',

In the various reports used to compile Table XVI1II, a variety of
techniques were used to measure NO and NO2 concentrations, mostly based
on commercially available instrumentation. One method in particular that
should be recorded at this point is an analytical method developed by the
Pan American Environmental Health Laboratory to enable determination of
NO:z in air down to 0.01 ppm. A general description is quoted.

Nitrogen dioxide is determined by the diazotization of sulfanilic acid and
subsequent coupling with N- (1-napthyl) - ethylenediamine to form a deep
red color.,

Apparatus: _
] 1. Spectrophotometer for usc at 540 mu. One em. light path cells are
used for moderate concentrations.

2. 50 ml. volumetric flacks

3. 25 ml. pipettes

Reagents:

1. Sulfanilic Acid Absorbing Reagent: Dissalve 5 g. of sulfanilic :cid
in approximately 500 ml. -of demineralized water in a 1000 ml. volumetric
flask. Add 140 ml. of glacial acetic acid and 20 ml. of 0.1% N - (1- nmapthvl) -
ethylencdiamine. Dilute to 1000 ml. with demineralized water. Store in
brown bottle in the refrigerator.

2, Sodium Nitrite Stock Solution (for water samples): Dissolve 0. 1568 g.

of anhydrous sodium nitrite in 500 ml. of demineralized water in a volumetric
flask. Add 1 ml. of chloroform (CHClg) as a preservative and make up to
1000 ml. with demineralized water. One ml. produces the color equivalent
of 100 mg. of nitrogen dioxide.

3. Sodium Nitrite Stock Solution (for air samples): Dissolve 0.0203 g.
of anhydrous sodium nitrite in 500 ml. of demineralized water in a volumetric
flask. Add one ml. of chloroform (CHClg ) as a preservative, and make up
to 1000 ml. with demineralized water. One ml. of this solution produces the
color equivalent of 10 ml. of nitrogen diokide. (10 ppm in one liter of air at
760 mm. of Hg at 25 C).

1.
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Procedure:

1. Pipet 25 ml. (or a known volume) of sample into a 50 ml, volumec-
tric flask. -

2. Fill the flask with absorbing reagent.
3. Let stand for 15 minutes.
4. Measure optical density at 550 mu. Use 5 em. cells if color is

faint.

Sample Preparation:

Air samples can be drawn through 10 ml. of absorbing reagent in a bubbler
or into an evacuated [lask containing 10 ml, of absorbing reagent. In the
latter case, at least 15 mins. (with occasional shaking) should be allowed
for complete color development. Interference in color production by other
nitrogen oxides is negligible. Sulfur dioxide in relatively high concentra-
tions (100-1000 ml.) and chlorine reduce the color formed .

IV.A.5. Overall Evaluation

The theoretical results in Subsection 2 above indicate that a well-
designed incinerator, operating with carefully-chosen 111204 / fuel air
ratios, should be capable of successfully destroying N20 4 with relativelv
little fom}ation of NO or other dangerous emissions. The data in Subsection 4 )
however, show that these results have not yet been demonstrated in a small,
quick-response incinerator. Environmentally acceptable destruction has been
obtained in the large Thermal Research incinerator, although apparentlv not
with great consistency. As we commented in discussing incinerators for
liquid hydrazines, the overall environmental impact of a large burner with
high fuel consumption and long pre-heat periods might be much more adverse
than considerations of trace species concentrations in the effluent would

indicate.

The SUE incinerator has waste destruction rates comparable to the
lavge traditional units - up to 0.313 pounds per second in the Marquardt
tests, or about 1.5 gallons per minute (8000 gallons in 90 hours). If low NO
emissions could be demonstrated, this unit would be extremely attractive.
As discussed in the evaluation of incinerators for liquid hydrazines, other
small incinerators could also be developed for this purpose, and a higher de-
gree of application of advanced combustor technology could probably be expected.
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There is an inherent problem regarding destruction of oxidizers
rather than fuels through combustion that cannot be overlooked. Complete
destruction in this case requires rich, rather than lean, mixture ratios.
Fuel-rich combustion is almost always less environmentally acceptable
than lean combustion because of the formation of partial products such as

CO, ketones, aldehvdes, olefins, etc.

Our overall evaluation is that incineration of N20 4 waste is theoret-
ically an acceptable means of destruction. In practice, it has not becn ade-
quately demonstrated to date from the standpoint of NO emissions, although

in other respects it appears to be successful,

B. CHEMICAL NEUTRALIZATION

IV.B.1. Current Applications

By far the most common means of disposing of N20 4 is dilution fol- “¢>
lowed by neutralization. The chemical industry recommends soda ash, lime,
or other alkali for neutralization. Substances used by the organizations con-
tacted include sodium carbonate, triethanolamine, and sodium hvdroxide.
sceveral have diluted and added the mixture to the same holding ponds used
for hvdrazines; these ponds were then neutralized using sodium hydroxide or
hyvdrogen peroxide with copper sulfate catalyst, or both. Additional details
on all these approaches are given in the portion of this report on Phase 1, Current
Disposal Methods.

IV.B. 2. Chemical Description

The process for treating waste N204 is similar to that used for

treating N,,‘H 4 except that all the reagents are basic. Chemical neutrali-

zations initially require dissolution of NZO 4’ which is converted to nitric acid

(HNO,;) and nitrous acid (HNO,). These acids are subsequently neutralized

with suitable alkali, as shown in the following equations and in Table XIX.

HNO4 + HNO, + 2Na HCOg————> Na NO; + Na NO,, + 2H,0 + 2C0, T

3 3

)
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IINO:‘ ! IINO:} ' N:l: (‘03-————) Na NO3 I Nn NO2 1 Il;,() I ('():3 T

HNO; * HNO,, + 2Cat (OH)g————— Ca (NOy), + Ca (NO)y + 2H,0
M

HNO, + HNO, +2Na OH Na NO, + Na NO, + 2H,0

HNOg + HNO, + Mg (OH),—————>Mg (NO,), + Mg (NO,), + Hy0

NO2 reactions differ in hot and cold water.

In hot water: 3NO2 + HZO-——§ 2HNO3 + NO

In cold water: 2NO2 + 1120——*HN03 + HNO2

Triethanolamine was not included in Table 10 because of a reported
explosion resulting on one occasion by neutralizing insufficiently diluted
N004, as well as its relatively high cost.

The products of N204 neutralization are NO;, NOé »with the metallic
ion of the reagent and CO if a carbonate is used. The precautions for O

handling hazardous materxals apply as well to N20 4 28 to NZH 4°

+
The effluents are inconspicuous and contain fons of NO NO Na ,

Ca +, or Mg » depending on which neutralizing reagent is utlhzed The
effluent may be toxic and corrosive due to NO_

a few tenths of 1%,

3 and NO2 ions present up to

The urea reaction given in the literature is not utilized by any

company contacted.

IV.B.3. Environmental Standards

The State of Florida has ruled that drinking water shall contain no
more than 45 ppm of nitrates and that sewage effluent contain no more than
3.0 ppm of nitrates analyzed as nitrogen. Other pertinent standards are: \.)
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1. alimit of 80-100 ppm of CaCO,, in city drinking water.

3
2. alimit of 500 ppm in total dissolved solids in city drinking
water.

Most cities will treat water until the above standards are met. New regula-
tions pertaining to each specific industry are currently being written, however.
Table XV, in Section II. C.,Chemical Treatment of Liquid Hydrazines, lists
recommended provisional limits for a number of other possible neutralization
pond effluent constituents.

IV. B.4. Bases for Evaluation

The most important consideration in evaluating the neutralizing
agents is the effectiveness of the agent and its safety properties. All the
neutralizing agents are essentially equally effective but the strong bases
Ca (OH) 9 and Na OH are a hazard in that they can cause severe
burns if accidental skin contact occurs. The second most important con-
sideration is the environmental hazard. Calcium and magnesium salts can
harden water and thus present an environmental disposal problem. The
combined weight of N0; and N0; ions will be approximately the same for
all reagents and present equivalent problems. The least important consi-
deration is cost. The cost of neutralizing one pound of N204 with each
neutralizing reagent is listed in Table XIX.

IV.B.5. Overall Evaluation

Each neutralizing agent is given a rating 1 through 3 in each of the
following three categories. Each of these categories is also rated according
to its importance as shown in parentheses, i.e., a weighting factor yielding

a possible maximum total of 18 points.

(3) Safety and Effectiveness

(2) Environmental Hazard

(1) Cost _ —_—
The ratings are shown in Table XX. The rating of each compound is multi-
plied by the rating of each category. These three products are summed to
yield a number indicative of the overall advantages of each neutralizing

agent. For example, a rating of 3 in Safety and Effectiveness means the
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agent is essentially harmless and yields a harmless product upon reaction
with NEO T A rating of 2 or 1 means the agent has important disadvantages
in this categorv. A rating of 3 in the environmental hazard category means
the product of reaction with N20 n is as harmless to the environment as can
be expected. A rating of 2 or 1 means that the product constitutes a more
serious environmental hazard. A rating of 3 in cost means the price ranges
from $0.01 to $0. 10 to neutralize one pound of N204. A rating of 2 indicates
the cost range of $0.11 to $0.20. A rating of 3 is anything beyond $0. 21.

Thus it is seen from the table that the agents Na HCO3 and Na CO3

2
seem to be overall the most advantageous neutralizing agents for N20 4

In terms of evaluating chemical means of destroying N20 4 @
brief quantitative example is probably in order. It is estimated that approx-
imately 480 gallons of N204 will be vaporized during the loading of 8000
gallons onto the Space Shuttle. If it were necessary to dispose of such an
amount of liquid N2 4? byyneutralization with NaHCOg, 5.28 tons of the
neutralizing agent would be required at a cost of roughly $1000. The cost
figure seems reasonable but the bulk of NaH CO3 that would have to be
handled and used makes neutralization feasible but unattractive. Also, this
neutralization would produce approximately 4403 Kg (9686 lbs.) of sodium
nitrate and sodium nitrite. In order to maintain the same environmental
standards as a sewage plant this material would have to be diluted with approx-
imately 3.9 x 10 ga.llons of water. This is clearly impractical. An alternative
would be to allow the neutralized solutions to sit in holding ponds and allow
evaporation to occur. The solid nitrate and nitrite could then be trucked

away and used as fertilizer.

C. SIMPLE DILUTION WITH WATER

IV.C.1. Current Applications

None of the organizations contacted during Phase 1 of this study re-
ported that simple dilution and discharge of liquid N20 4 is being practiced,
although it seems likely that at least for small quantities this method sees
widespread, if informal usage. Three organizations reported dilution fol-

129



lowed by discharge to general purpose holding ponds, with no further for-
mal treatment; reaction with dilute hvdrazine fuels in the same holding ponds

is probably significant in many cases, however.

IV.C. 2. Chemical Description

With cold H20, N

the equation.

204 forms nitric and nitrous acids according to

2NO,, + HZO————-§ HN03 + HN02

2

IV.C.3. Environmental Standards

The State of Florida requires that when dumping an acid into a
stream the pH of the stream must not be changed more than 1.0 pH unit.
0.1 N nitric acid has a pH of 1.2. Thus dilution to 1 x 10™% N would be re-
quired to produce a pH of 6.0. This dilutién would require 1.6 x ]0G
gallons of water per gallon of N20 4 Alternatively, dllutic;n of N20 4 toa pHof D
1.0 would require approximately 160 gallons of water per gallon of NZO . :
and would leave an effluent of such low pH as to be still clearly hazardous.

IV.C.4. Overall Evaluation

This method is environmentally acceptable if sufficient water is
available to allow dilution to a pH of 6 prior to discharge. The practicality
clearly depends onthe amount to be diluted and the availability of water. For
disposal in significant quantities, attention would have to be given to means
of assuring proper dilution. For example, a holding pond where pH could
be monitored prior to release would be acceptable, as would a steady flow

mixing apparatus; more casual dilution methods wauld not be acceptable.

This method has an advantage over chemical neutralization and in-
cineration in that nothing "extra" is added to the disposal problem. Both
other methods result in the need to dispose of calcium or sodium salts, or
possibly to discharge hydrocarbons to the atmospheré. On the other hand,

the other methods result in more positive elimination of the NZO 4
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D, DISPOSAL AS A VAI'OR

‘The disposal methods outlined above all treat the nitrogen tetroxide
as a liquid. Since the boiling point of nitrogen tetroxide is 21 OC at one
atmosphere pressure, it is also feasible to evaporate the liquid and dispose
of the vapor according to one of the methods desecribed in the following
sections. Two of these methods - the absorption  (scrubbing) techniques -
simply amount to returning the vapor to a liquid state., The other two -
flare burners and atmospheric venting - are essentially different disposal
techniques from those discussed in the preceding sections, and might
represent additional viable methods for disposal of liquid nitrogen tetroxide.
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V. DISPOSAL OF NITROGEN TETROXIDE VAPORS

A. FLARE BURNERS

V.A.1l. Current Applications

A proprietary Martin-Marietta Corp. flare burner, designed and
developed during the late 1960's, has been installed at the Johnson Space Center,
Houston, Texas; Western Test Range, Vandenberg Air Force Base,

California; and White Sands Test Facility, Las Cruces, New Mexico; as
well as at Martin-Marietta's Denver Division. The unit was originally
designed for use at Titan II sites, and it seems likely that -a number are
also currently located at these installations. This design is the only one we
knm;v of that has been used for disposal of nitrogen tetroxide vapors.

This unit consists basically of a cylinder (one standard configuration
is 8" diameter by 3'long) containing a plenum in which propane and waste
N204 vapors are injected, and a burner head. The plenum is designed in
such a way that the propane and oxidizer don't come into contact with each
other until they reach the exit plane of the burner. A wind shroud protects
the head from flame out. A continuous pilot is provided at the top of the
burner head to ignite the gas mixture. Approximately 10 pounds per minute of
N:zo.l can be destroved in the case of the 8 inch configuration. Esseatially,
the brown NO2 vapors from N20 4 are reduced to N2 and a small amount of
NO, which are colorless (and therefore invisible) gases.

A larger version of this burner, with a capacity of 30 pounds per
minute of N204, was recently installed at Johnson Space Center.
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V.A.2. Thermochemical Aspects

The unit is basically similar in its principles of operation to the
incinerators discussed in Section IV. A., Incineration of Liquid Nitrogen
Tetroxide. Fundamental differences are that the combustion zone is
external, rather than internal; there is no control over the air supply;
and there is less latitude for refinement of the design (combustion chamber
parameters, nozzles, secondary air, etc.). Testing is complicated by the
fact that combustion is accompanied by uncontrolled dilution, and that the
effluent is unconfined (giving rise to problems regarding where samples
8 hould be taken). On the other hand, the characteristic of a central CSH8 ‘
NZO 4 flame, with an unlimited quantity of air available surrounding the
flame, might well constitute a favorable environment for Nzo 1 destruction

that would be difficult to duplicate in an internal combustion incinerator.

The stoichiometric equation for reaction of N20 4 with C3H8 is

)
5N204+~C3H8-——)6002 +8H20+5N-2 .

The limitations of this sort of equationhavebeen discussed extensively in
earlier sections on incineration, including the need for fuel-rich operation
to assure complete destruction of N2
dissociation is of prime importance in discussing N204 destruction.

At low temperatures (up to 200‘°C or higher) N20 4 dissociates to

form NO,, with only traces of NO:

O,. In addition to reaction, howecver,

2’

a
N,O, » 2NO,, +trace NO.

2
At high temperatures (2000°C or higher) the NO2 in turn dissociates

according to two dissociation equations:

a

5

2NO,2 -~ 2NO + O2
‘3 3

2NO2 > N2 + 202

where if other constituents are predominantly oxidizing, the first equation
is most important, but if they are strongly reducing the second dissociation
predominates. In other words, fuel rich combustion also favors the desir-

able N02 dissociation, as opposed to the formation of NO. (These dissociation
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considerations were implicit in the theovetieal predictions reported in

carlier sections on incineration,)

V.A.3. Environmental Standards

Environmental standards are detailed in Section IV, A., Incineration

of Liquid N204.

V.A.4. Bases for Evaluation

The only published data on effluents from these flare burners resulted
from a test program conducted at White Sands Test Facility several years

ago. 1 "Samples were obt ained simply by holding an inverted funnel connected. . .

to an evacuated 3-liter pressure bottle over the most dense portion of the
flame, " and were analyzed in an infrared spectrophotometer having detection
limits of 1.0 ppm NO, 0.04 ppm N()z, 1.0 ppm CO, 0.1 ppm CO,, 0.1 ppm
HC, 100 ppm HZO. Results reported were simply that in a lean 8perating
mode, NO and NO,, were detected, whereas in the proper fuel-rich mode
only 1120, 002 ana HC were detected. No carbon monoxide was detected in
any of the samples. An interesting statement was that "No attempt was made
to obtain samples that could be quantitatively analyzed to determine the exact
output of the unit. Since wind conditions at the White Sands Test Facility are
very erratic, sampling for precise quantitative analysis would be difficult
and impractical. "

We believe that these results illustrate our earlier statements re-
garding the difficulty of collecting meaningful data from this sort of external
combustion device. The absence of both CO and NO from the same sample
seems somewhat unlikely, except as a result of very considerable dilution.
Perhaps, however, these results can be taken as evidence that the flare
burner does not have any particularly severe NO problems in the fuel rich
mode.

We have had some personal experience with the flare burner, in
the form of a first hand demonstration. Certainly the unit is capable of
destroying nitrogen tetroxide vapors without producing a visible
plume. In a very fuel rich mode, it tends to be smoky. Whether its overall

1Irwin D. Smith, Nitrogen Tetroxide Disposal Unit Combustion Products,
NASA TN D-3965, May 1967.
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performance is substantially different from that of the SUE burner de-
scribed in Section IV. A. is impossible to determine, and would require
a fairly extensive test program.

The scope of the Space Shuttle vapor disposal requirements can be
estimated if we assume that 8000 gallons of NZO-L are handled during each
loading, at a rate of 50 gallons per minute, with approximately 3 gallons
per minute being lost through the vent system. For this example, total
loading time is 160 minutes, and approximately 480 gallons of N 4 passes
through the vent system. The smaller flare burner can effectlvelv dispose
of N O at the rate of ten pounds per minute. It would therefore take ap-
proxim’ttely 9.7 hours to destroy the 480 gallons of N O vented during
loading operations. Alternately, four small burners or two large burners
would be required for instantaneous disposal with no requirement for vent
gas storage.

If the N20 4 were destroyed in a stoichiometric ratio with propane
as in the equation

SN 04 + 2C3 H8 ——.6C02 + 8H2 2

then 2 moles of propane would be needed to destroy 5 moles of N20 4 OT 1

O + 5N

gram of propane for every 5. 4 grams of N 04, or 1600 lbs. of propane to

-destroy 480 gallons of N 0 This cost would be about $98 calculated at a
propane price of $0.30 per gallon. Actually, because of the need for fuel-
rich operation, the fuel cost would be somewhat higher, but certainly not
enough to become a particularly significant cost factor.

V.A. 5. Overall Evaluation

The flare burner is considered to be an environmentally acceptable
means of disposing of nitrogen tetroxide vapors, or of liquid nitrogen tetrox-
ide if a suitable evaporation chamber is incorporated. It is not as infallible
as some systems, because it is affected by atmospheric conditions such as
strong winds, and there seems to be a greater possibility that raw oxidizer
might escape under unusual conditions. On the other hand, its simplicity and
_apparent lack of sources of unreliability are in its favor, as is the fact that
its reliable use seems to have been proven over many years, by various

organizations.
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The exnet performance of the burner is very muach an open question,
inour opinfon, as discussed in the preceding section, The only test results
available were not quantitative, were the result of an apparvently velatively
modest effort, and in addition were such as to cause some doubt since
neither CO nor NO were reported for fuel-rich runs. We want to emphasize,
however, that while this result seems unlikely it is certainly not inconceivable,
and could be a result of the more or less stratified nature of the burner's
combustion zone, with fuel and waste oxidizer in the center and a second
oxidizer - air - surrounding this region. It is possible that combustion here
is sequential in nature, involving first N20 4 and excess fuel with air entering
after complete N20 4 destruction but not too late to effectively oxidize the
large amount of CO that must certainly form during primarv combustion.

Even so, however, some amount of nitric oxide formation seems inevitable.

At any rate, our conclusion of environmental a'.cceptability is not
based on any particular assumptions regarding NO or CO formation. Even
if both are formed in relatively large amounts, the burner is a very signifi- -
cant improvement over atmospheric venting, which is itself not unacceptable tD
under favorable atmospheric conditions. The flare burner converts what
would be a dense, noxious reddish-brown plume into an essentially clean,
invisible effluent. Given adequate dilution in an area free of
pre-cxisting NOX and CO problems, the effluent is relatively harmless.
The difference between what we regard as its worst potential performance,
and the performance reported in NASA TN D-3965, is essentially a difference
between an acceptable disposal system and a thoroughly exemplary disposal

system,

B. SCRUBBING - ABSORPTION IN WATER

V.B.1l. Current Applications

One of the organizations contacted during Phase 1 of this study pres-
surizes N20 4 vapors with nitrogen gas and sends them through a scrubber
and thence to a system of holding ponds. Another organization captures ,)
N20 4 Vapors by sparging through water drums. The contaminated water b

t
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is then reportedly shipped to the NASA facility at White Sands, New

Mexico for disposal.

V.B. 2. Chemical Description

NO2 vapors are relatively difficult to absorb in plain water and

when absorbed form a strong acid:

spray

‘.ZNO2 + H,0=—————3 Solution of HNO,, + HNOZ

3

V.B.3. Environmental Standards

Applicable environmental standards are described and discussecd in
Section II.C., Chemical Treatment of Liquid Hydrazine, Section IV. B.,
Chemical Neutralization of Liquid N204, and Section IV.C., Simple Dilution
of Liquid N204 with Water.

V.B.4. Qverall Evaluation .

Provided that effective scrubbing is accomplished, this method is
essentially just a means of exchanging a vapor disposal problem for a liquid
disposal problem. The liquid should then be disposed of either by chemical
ncutralization (see Section IV, B.) or by dilution with copious amounts of
water (Section IV.C.). Evaluation of this disposal method is dependent on
the ultimate liquid disposal method chosen; see the appropriate section for

overall evaluation and restrictions.

C. SCRUBBING - ABSORPTION IN Na HCO3

V.C.1l. Cutrrent Applications

Pad 17 at Cape Canaveral Air Force Station uses a 5% sodium bicarbonate
scrubber when loading N,O,.

V.C.2. Chemical Description '

Sodium bicarbonate is present as a water solution; NO2 dissolves in

137



the water to form nitric and nitrous acid, as in other disposal processes,

which in turn react with the bicarbonate to form nitrate and nitrite:

2ZNa HCO3 + HNO:3 + HNOz_—'—>Na NO2 + Na NO3 + H20 + COzT

V.(C.3. Environmental Standards

Applicable environmental standards are described and discussed in
Section II. C., Chemical Treatment of Liquid Hydrazines, and Section IV.B.,
Chemical Neutralization of Liquid N.)O4.

V.C.4. Overall Evaluation

Provided that effective scrubbing is accomplished, this method is
essentially identical to the sodium bicarbonate neutralization method de-
scribed in IV. B, The overall evaluation, and a discussion in practical :.)

terms, are given at the end of that section.

This scrubbing method differs from the water scrubbing method of
the preceding section in that it is more nearly an ultimate disposal method,
20‘ (and HNO‘.2 and HNOS)

that copious dilution with water would still be required before the effluent

since the N arc actuallyeliminated. Note, however,

could be discharged to public waters. Other means of disposal, however,

might be feasible, such as evaporative ponds or controlled ground disposal.

A practical disadvantage to this method is the fact that formation of
solid residues, nozzle plugging, and corrosion in bicarbonate scrubbers
result in maintenance and reliability problems.

D. ATMOSPHERIC VENTING

V.D.1l. Current Applications

One of the most common means of disposal of N204 over the years .

has been simple venting, or boil-off, to the atmosphere. Usually vent stacks
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are relatively high, and meteorological precautions (primarily wind
velocity and direction) are‘adhered to. In at least one instance, large
fans are used to mix copious quantities of air with the oxidizer vapors and
propel the mixture skyward. Incidents periodically occur, but they do not
normally seem to be serious. One of the major disadvantages is the

highly visible plume.

V.D. 2. Chemical Description

Nitrogen tetroxide dissociates to a very high degree when it evaporates:
N20 4—-———) 2NO2
The resultant nitrogen dioxide has been discussed extensively in earlier

sections. Further reactions can occur in the atmosphere, including the

formation of 'acid rain",
: ——
§N02 4 H20 2HN03 + NO

Nitric oxide is slowly oxidized by oxygen, or rapidly oxidized by ozone, to
form more nitrogen dioxide:

NO +1/20,~————3 NO,

NO + 03 —%NOZ + O2

V.D.3. Environmental Standards

Applicable environmental standards have been reviewed and discussed
in the various sections treating incineration.

V.D.+. Overall Evaluation

Since the TLV for NO,, is 9 milligrams per cubic meter of air, dis-
persal of 480 gallons of NZO ;would require approximately 264, 000, 000
cubic meters to reduce concentrations to the TLV, or 100 times this volume
to achieve one per cent of the TLV. This latter figure is a volume 10 kilo-
meters square by 264 meters deep - not necessarily an unreasonably large
volume, provided discharge rates are slow enough to allow adequate diffusion
and mixing with this volume of air.
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For this reason, we do not believe that atmospheric venting is

inherently unaceceptable.  However, other factors must be considered,

I

such as:

1. Variations in weather conditions, and their effect on mixing,

2. the possibility of local acid rains,

3. the assumption was made above that the surrounding air did not
already contain significant NOX concentrations, If future growth of any
particular region causes increasing NOX levels, individual sources will

become more and more of a problem.

We therefore conclude that atmospheric venting is not an environmen-
tally acceptable method of N20 4 disposal in terms of planned or future
facilities, except in very special cases: very low vent rates, or verv occa-
sional venting requirements with no prospects for an urgent need to vent

"on demand"'.
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Vi. DISPOSAL OF LIQUID IRFNA

A. GENERAL REMARKS

Type IIIA or type IIIB IRFNA contains 0. 7 - 0.1% HF by weight,
along with 14 - 1 0% of dissolved NO2 It has been estimated that the
quantity of IRFNA waste disposed at ETR is under 200 gallons per year
representing less than 2 gallons of HF (less than 15 pounds) per year.
This relatively insignificant amount of pollutant could safely be discharged

into a sewer or stream with simple water dilution.

It was reported that in one isolated incident a 1,500 gallon batch
of IRFNA (used for metal passivation) was disposed of by water dilution
and dumping into a lime pit.

B. INCINERATION

Pan American World Airways, Inc. Standard Practice Instruction
# 41-26-013 (dated April 29, 1971) includes IRFNA in the incineration pro-
cedure because the characteristics of this oxidizer are similar to N O
Inquiries revealed,however, that no IRFNA has ever been 1ncmerated at
this installation.

A review of all the contacts made during Phase 1of this study also
failed to reveal disposition of IRFNA by incineration. Therefore, we do
not have any actual data from IRFNA incineration to evaluate this method
or topredict the concentration of the combustion emission products with
auxiliary fuels.

Threshold Limit Values established by ACGIH and OSHA are 2 ppm
for HNO3 vapors, 5 ppm for Noz, 25 ppm for NO, and 3 ppm for HF. It is
our estimate that the NO and HF values would probably be greatly exceeded
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in the effluent of any current state-of -the-art incinerator used to destroy
IRFNA, although air dilution would alleviate the problem. See Section

II. A., Incineration of Liquid Hydrazines, Section 1V.A., Incineration of
Liquid N204, and Section V. A, , N204 Flare Burners, for more detailed
discussions of incinerators. In particular, the discussion in Section IV. A.
of the specific limitations of incinerators with regard to destruction of
oxidizers is equally applicable to IRFNA. The presence of HF in IRFNA

is an added difficulty relative to NZO 4

Because of the relatively higher boiling point (150 °F at one atmos-
)
phere) of IRFNA compared to N20 4 (70 F) atomization of liquid into the
incinerator/flare-burner rather than evaporation (as for N20 4) might be

required to successfully decompose this oxidizer.

The effeciive use of incinerators for IRFNA has not been sufficiently
demonstrated or tested so that they could be recommended. If a large
quantity of IRFNA and N20 4 waste oxidizers were involved, this could be one
specific area where additional research or development activity would be

needed to bring current practice to an ""adequate' level.

C. CHEMICAL TREATMENT

Waste streams containing IRFNA are typically treated by neutrali-
zation, dilution procedures. In fact, diluting with water and/or neutralizing with
a suitable alkali before discharging the effluent were the only current
IRFNA disposal methods reported in Phase 1 of this study.

A brief description of the procedure follows. The waste IR FNA
(diluted with sufficient H2
is collected into a suitable tank or pond. The solution is then treated with

O, about 1:100, to keép the reaction within bounds)

one of 2 number of reagents as given in Table XXI. The reagents are added
slowly to allow heat dissipation, and in slight excess. A soluble calcium
salt may be used with any of them, if desired,to precipitate the fluoride. If
fluoride removal is desired a filtration or settling step is required. Then

the neutralized solution is discharged. The pertinent equations are:

"Also see Appendix D
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1. ZHNO3 + Na2 CO3————PQNa NO3 + CO2 T - HZO

2HF + Ca (OH)s——3Ca F, I - 2H,0

Filter, to Solid
Waste Disposal

te
.

HN(\3 I Na O =———Na NO.{ b L0

3. ) —_———) ot
3 HNOs 4 NH4 OH NH, NO‘3 H20
There are only minor differences in the three methods shown in

Table XXI for performing the chemical treatments. - For example

1. In method (1) it is possible to remove the Ca F, precipitate

2
from the effluent by a filtration or settling step. It is also feasible to add

a fluoride-precipitating agent in methods (2) and (3) for fluoride removal.

2, The care required in mixing and handling the stronglv caustic
Na OH solution is a slight disadvantage for method (2).

3. The odor of NH3 may be objectional for method 3.

Vs
4. . The Na2 C03 method has an advantage with respect to ease in \)
handling.

Use of other neutralizing agents than those shown in Table XXI is also possible,

The effectiveness of the neutralization disposal method for IRFNA
has been amply demonstrated over the years. The major disadvantages are
the high chemical and equipment costs incurred in disposing of the waste
IRFNA.

The effluent from the IRFNA treatment is both corrosive (several
1,10 of 1% HN03) and toxic (several hundred ppm HF). Copious dilution
seems a logical and simple solution to the pollution requirement, provided
ample water is available. The provisional Maximum Exposure Limits recom-
mended in the TRW report1 are 0. 25 ppm for HNO'.3
water or soil. Disposing of one gallon of IRFNA by either the neutralization

and 0. 1 ppm for HF in

method or the dilution method requires approximately 10, 000 gallons of

water to reduce the NO'.3 concentration to the 100 ppm level. Concurrently
the fluoride would be reduced to below the 1 ppm level. But to reduce the

| W
1Op, cit., Vol XII, page 105. Also see Table 5, Section 11.C of the
present report.
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NOQ to the provisional .25 ppm limit in water or soil would require
approximately 4 million gallons of water; the HF to the provisional 0. 1

ppm limit would require 100,000 gallons of water per gallon of IRFNA.

Disposal of the Ca F2 precipitate should follow the guidelines
established in the TRW report in connection with formation of the same
waste product during treatment of plating, wash and tin recovery wastes
from halogen tin lines used in tin plating:

"To allow economic recovery, the discharged, alkaline CaF

slurry should be lagooned ... The separated Ca Fo should ~

then be dried, and re-used as metallurgical grade CaFa in

steel mill operations. Where economic recoveryv is not feasible,

the sludge should be added to a landfill. 2

Our evaluation of the neutralization disposal technique for IRFNA
on the basis of products formed, safety of operation, inconspicuousness of
effluent, cost of chemicals and pollution factors is that the three methods are
all environmentally acceptable, and all essentially equivalent. Convenience
or availability of chemicals would dictate the method to be used at any
particular site. Ultimate disposal requires either copious dilution, as
describeq above, or evaporation, with the solid residue used as fertilizer,

as mentioned in Sections I and IV, B.

D. H,O0 DILUTION

Water is the most easily used and the most readily available
decontaminating agent. Smaller quantities of NOx fumes evolve during
dilution with Hzo than during treatment with the alkalies. Thus, simple
dilution as a disposal method may be the preferable method for disposing
of IRFNA rather than the more complicated and more expensive chemical
neutralization method, provided HF does not constitute a major
problem. Dilution can be made to meet the present and future environmental
standards. The resulting product from IRFNA dilution is highly diluted NO:;
solution. In contrast, the products from the neutralization reactions would

20p. cit., Vol. XII, page 13.
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be the same quantity of N():; plus the added cations from the neutrealizer.
Provided that sufficient water is available, there is no limit to the amount

of IRFNA that can be disposed of by the dilution method in a most expeditious
manner; i.e., it is suitable for disposal of small or large quantities of waste.
Holding ponds containing much higher concentrations of wastes can be

utilized as an alternative to direct stream disposal.

The environmental aspects of the resulting effluents from the
dilution method are nearly the same as those in the preceding Section C,
Chemical Treatment, and apply here as well. TLV's and provisional

Maximum Exposure Limits are given in Section C.

One method for removing HF from waste effluents is by addition
of a soluble calcium salt under controlled pH. The insoluble Ca]i‘2 will
precipitate out. This precipitate may be separated by filtration, settling
or other suitable unit operation, and disposed of as described in the preceding
section. A residual amount of CaF, (50 - 100 ppm) will remain in solution
due to its slight solubility in water.“ It is only by further dilution with H20
that the residual CaF2 may be reduced to an acceptable level to conform
to existing regulations. This precipitation was the subject of further work
in Phase 3, and our experimental results are reported in the section on

Application Studies.

Our evaluation of the dilution method for IRFNA disposal is that it
is an environmentally acceptable method. It is simpler and more economical
than the neutralization method, but the products formed, safety of operation,
inconspicuousness of the effluent and pollution factors are approximately
the same for both methods.
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V. DISPOSAL OF IRFNA VAPORS

A. INCINERATION

We were unable to find any user of IRFNA oxidizer who currently
destroys the vapors by incineration. None of the correspondence received

to date mentions this method of disposal for this material.

Part of the reason for this situation may be the higher hoiling
point 150 OF at one atmosphere) of IRFNA and significantly lower
vapor pressure (5 psia @ 100 OF) than for NZO-L (70°F at one atmosphere,
32 psin at 100° F). Considerably less vapor is generated than for N204.
This results in, at most, a minor vapor problem and consequently little
need for incineration of the vapors evolved during transfer operations as
performed up to 1974, Forced or natural venting to atmosphere may provide

adequate vapor dispersal,

In addition to resulting in lower absolute quantities of IRFNA vapors
to be destroyed, the low vapor pressure of IRFNA at atmospheric tempera-
ture means that these vapors can only exist in mixtures containing noncon-
densible gases. (The "fumes", N02, of course can be present separately;
they are similar to the N204 vapors treated in Section V., and their dis-
posal was covered in that section.) The special problems of incineration of
vapors mixed with large volumes of essentially inert gases are discussed in
Section III, A., Incineration of Hydrazine Vapors. In addition, the special
problems of destruction of oxidizers by incineration are discussed in Section
IV.A., Incineration of Liquid N204, and V. A,, N?‘O4 Flare Burners. Incin-
eration of IRFNA would involve both these problems, although the noncon-
densible gases would be a relatively minor factor compared to their importance
in the case of NoH,.
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It is possible that the Martin-Marietta flare burncr described in
Section V. A, would be a suitable means of destroying IRFNA vapors,

probably with a certain amount of modification and developmental testing.

Threshold Limit Values established by ACGIH and OSHA for
IRFNA vapors are: 2 ppm for HNO3, 5 ppm for N02, and 3 ppm for HF.

Also see Table XI, Section II. A., for the TLV's of the products of combustion.

Our overall evaluation is that this method is potentially acceptable,
but cannot be recommended at this time. The problems involved in adapting
existing burners to the destruction of an oxidizer mixed with large amounts
of relatively inert gas might be considerable. Before this method can be
considered environmentally acceptable, a fairly extensive test program to

demonstrate emission levels would be required.

B. SCRUBBING

The scrubbing technique with plain water, solvent or dissolved
reagent has been used successfully for years by industry as a disposal
method for many gases, mists or particulates. For example, in the manu-
facture of HNO3, in the past few years stack effluents were on the order of
1500 to 3,000 ppm NOx with the tell-tale brownish color. Attempts were
made to reduce such concentrations to approximately 300 ppm, usuallv by
resin absorption or catalytic combustion systems. The abatement equip-
ment in this case costs from several hundred thousand to several

million dollars for a large installation.

For a small installation plain water or alkaline solution scrubbing
may be used to reduce the toxic gas emissions. These small units suffer
from problems of low efficiency in terms of vapor absorption, and high
operational and maintenance costs.

Regardless of the method used, water alone or alkaline solution,
the amount of nitrate released will be the same, but the pH of the effluent

solution is controlled in the case of alkali addition.

The scrubbing equations are:
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.Wi lai ):
Lo with plain l12(

copions Dilute solution of

Inhib, HNO., - NO NO, ||,,0——=>~HN()3 / HNO, D

2. with N:IHCO3 solution;

——=———>Na NO, + Na NO,, + CO,, :

Inhib. HNo3 / Nox + NaNHCO 9

3
HZO + HF

Other alkaline reagents may be used in addition to the one shown in equation

two.

Inquiries revealed that scrubbing IRFNA vapors is not presently
carried out at ETR except for one small scrubber on the vent line of a

5000 gallon IRFNA storage tank.

Our overall evaluation is that scrubbing of IRFNA vapors is an
emuonment.nlh acceptable disposal method. There is a question regarding
constituent concentrations in the atmospheric discharge, but even if the
scrubber is less than 1009 effective it will represent a significant improve-
ment over atmospheric venting, which is marginally acceptable for small
quantities. The liquid discharge from the scrubber should be treated by
either dilution or neutralization, as discussed in Sections VI.C. and D.

C. ATMOSPHERIC VENTING

Since the TLV for HNO3 in air is 2 mg per cubic meter, dispersal
of one gallon of IRFNA (85% HNO by weight) would require approximately
2.5x 10° cubic meters of air to reach the TLV. This is a relatively modest
volume in terms of the air over one square kilometer of land. Nitrogen
dioxide will be present in smaller quantities and has a higher Threshold
Limit Value; HF will be present in much smaller quantities. As discussed
in Subsection A. above, relatively small amounts of vent vapor per unit
mass of liquid handled are expected in the case of IRFNA compared'to N O

2 4°
with its much lower boiling point. o e
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For these reasons, we do not believe that atmospheric venting of
reasonably small quantities (or rates) of IRFNA is inherently unacceptable.
However, because of other factors, such as varving atmospheric conditions,
the possibility of pre-existing nitric acid or nitrogen dioxide atmospheric
pollution, etc., we do not belicve that atmospheric venting can be considered

an environmentally acceptable option for future IRFNA disposal systems.
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VUL DISPOSAL OF LIQUID HYDROGEN PERONIDE

A. CHEMICAL DECOMPOSITION

VIII. A. 1. Current Applications

Concentrated hydrogen peroxide (in excess of 527 by weight) is a
powerful oxidizing agent and rapid decomposition can be hazardous. Howeve
neither the chemical industry nor the TRW study recommends any pro—
cedures more elaborate than dilution with copious amounts of water, usually
reported as 100:1. This is followed by simply pouring the solution on the
ground, into a drainage system, or into the sewer system.

One organization has veported pouring laboratory quantities over
a platinum or silver mesh to catalyze the reaction. Larger quantities were
diluted with water to between 25% and 40% H 0 and decomposed by ¢ catalyzing
with caustic. At 100°C and a caustic level of O 5 - 1% Na OH, decompuosition

is 959 complete in one hour.

Several organizations have reported successfully disposing of

hydrazines with the aid of H202, and also used it for treating holding ponds.

VIII. A. 2. Chemical Description

Hydrogen peroxide is unstable and decomposes spontaneously
according to the reaction:

2H,0, (1)=————>2H,0 (1) + 0, (g)

with the hberanon of approximately 47k cal of heat at a reaction tempera-

ture of 20 C (25 kcal/mole - H 02)

The mechanism and rate of decomposition depends on many factors

including temperature, pH, and the presence of catalysts. In general, the

1Op. cit., Vol. XII, pages 107-108.
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rate increases with increasing pH. The rate increases approximately 2, 2

times with each 10°C rise in temperature over the range 20° - 100°C. The

following tuble presents qualitative data for the temperature dependence.

Temperature _Approximate Decomposition Rate
30°C 1 % per year
66°C 1% per week
100°C 2% per day
140°C Rapid, with boiling

VIII. A.3. Environmental Standards

As noted above, the decomposition products of hydrogen peroxide
are pure watcr and pure oxygen gas, so there is absolutely no environmental
problem with disposal by decomposition of the compound. There are,
however, some health hazards in handling the H202 in concentrated form.
Contact with the liquid, mist, or vapor can cause irritation of the skin, eves,
and mucous membranes. Flushing the affected area with water is the only
required treatment. The Threshold Limit Value (ACGIH-1969) for a 909
solution dispersed in air as aerosol is 1 ppm (1 mg/m3). The provisional

Maximum Exposure Limits recommended in the TRW report2 are 0.014

2Op. cit., Vol. XII, pages 104-105.
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3. . L .
mg m- for H,0,, as a contaminant in ar, or 0,07 ppm as a contaminant

in water and soil,

VIIIL A, 4. Overall Evaluation

Hydrogen peroxide presents the least disposal problem of any of
the propellants under study, and presents virtually no pollution problems.
In its pure state it contains no contaminants that would cause surface water
pollution or interference with sewage (see B. l.below). This would also
hold true for the materials that would be considered contaminants in the
H202 necessitating its disposal.

However, concentrated hydrogen peroxide solutions should be dil uted
with copious amounts of water before disposal to prevent strong reaction
with organic materials, as discussed above. This dilution will also prevent
injury to fish life since there is some evidence that high concentrations of
Ilg()., are, in fact, harmful to certain fish. 3

One possible exception that may arise is the disposal of contaminated
I 2()2 that has been stabilized with H3PO 4 (phosphoric acid). Decomposition
would leave phosphate residues requiring additional treatment before dis-
posal into bodies of water. This would depend, of course, on the total con-

tent of phosphates in the dilute solution.

A consideration of disposal techniques must include the hazards
involved in handling. With regard to fire and explosion hazards the following
quotes are extracted from "Chemical Safety Data Sheet SD-53", Manufacturing

Chemists' Association:

" Hvdrogen peroxide itself is nonflammable. However, it is a
strong oxidizer, and if allowed to remain in contact with readily
oxidizable organic materials, it may cause spontaneous combustion.
In addition, hydrogen peroxide solutions are catalytically decom-
posed by many common materials such as heavy metals and their
salts, ordinary dirt, ferments, enzymes, ete. liberating oxygen
which will promote the burning of combustible materials.

" Practically all solid combustible materials contain sufficient
catalytic impurities to decompose hydrogen peroxide rapidly.

3"'I’re:;.tment of Waste Waters Containing Hydrogen Peroxide, Hydrazine,

and Methanol", Chemistry and Industry, 1951, pages 1104-6.
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In concentrations above 6550 11,00, there is insuflicient water
present or Tormed to remove the heat of dee omposition by
vaporization.  The adiabatic decomposition temperature of Ho°,
H»0u, for example, is 710 C. (1364 F.) and combustible
matérials in contact with the decomposmon products will quickly
burst into flame,

" At ambient temperature, under normal conditions of storage it has
been impossible to obtain a propagating detonation from commercially
produced hydrogen peroxide.

" Contaminated hydrogen peroxide can decompose at a rate which
will exceed the capacity of the vent on the container or tank to re-
move the decomposition products. This decomposition can be self-
accelerating in high strength hydrogen peroxide because the rate of
heat evolution may exceed the rate of heat loss from the container to
the surroundings. If this process is permitted to continue, an explo-
sive pressure rupture of the container will result.

" There is little possibility that hydrogen peroxide vapors in the
explosive range will be generated under ordinary storage or handling
conditions. Vapors in the explosive range can be reached in a fire
or in experiments with high strength hydrogen peroxide. Explosive
vapors can also be produced when hydrogen peroxide, in concentra-
tions of 74%, or greater, is heated to its boiling point. "

The explosive hazards of hydrogen hydroxide are demonstrated in
Figure 13, taken from the same source, where it is also evident that temper-
atures of concentrated H202 should be maintained below 110 0C to prevent
the formation of an explosive gas over any solution. Decomposition proper-

ties are given in Table XXII, also taken from the same source.

The partial pressures of }1202 and H20 are comparable over 987
solutions at 30°C. At 70% the partial pressure of H202 is an order of mag-
nitude lower than that for water and at 30% it is two orders of magnitude less
(Table XXIII). One would conclude that dilute solutions would be substantially

decomposed and not give off substantial quantities of H202 vapors.

From this information we conclude that there are no insurmount-
able difficulties in either storage or handling this propellant. Disposal by
simply allowing the material to decompose in holding ponds is quite satis-

factory, perhaps employing agitation to accelerate the decomposition process.
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B. BIOLOGICAL DISPOSAL

VIll. B.1. Current Applications

The use of H,,O2 as a source of supplemental oxygen has been success-
fully demonstrated by DuPont for several prevalent problems in both indus-

trial and municipal waste treatment systems. 1

VI1II. B. 2. Chemical Description

Biological decomposition of 11002 provides an additional form of
oxygenation or aeration to satisfy metabolic  requirements of micro-

organisms. The reactions are:
2 —)
)HZO’_’ 2H20 + 02

bacteria

Organics + dissolved 02——-—9C02 + H,O + bacteria sludge.

2 ®

VIII.B.3. Environmental Standards

Environmental standards are the same as described in Subsection

A.3. above.

V1ll. B. 4. Overall Evaluation

One obvious criticism of this form of disposal of waste HZO2 is the
uncertainty in supply. However, llaskins points out that what is often needed
is a substitute source of oxygen that can be intimately mixed with the water
and organisms that does not require elaborate equipment. Further, these
oxygen sources only need to be available to meet emergency or short term
needs. For example, problems related to oxygen capacity of the acration

system are generally sporadic, due either to mechanical failures or organic

1 .

James W. Haskins, Jr., "H,0, Looks Good for Sewage Treatment",
Innovation, Fall 1973, pages 6-9 (E.I.”“D{iPont de Nemours and Company., Inc., .
Wilmington, Delaware 19898), \)
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spills. For problems requiring plant modifications, EPA and State
standards could continue to be met while modifications are made.  quip-
ment requirements are quite minimal - a drum of 11202 with a metering

pump.

Presently, cost is perhaps the only disadvaniage to the use of 11[2()2
relative to air as a supplemental source of oxygen, but because of its
advantages (i.e., easc of handling, low equipment investment, and
excellent O2 transfer capabilities), H202 may be the only practical means
of solving the problem in many cases. We conclude that this is an ideal
means of disposing H202 in drum quantities from both an economic and

ecological standpoint.

For large as well as small quantities of HZOZ’ draining into lakes,
ponds, or streams under proper controls would be an acceptable method
of disposal. The H2 9
of infectious disease, and the liberated oxygen could be beneficial for
aquatic life. Dilute solutions would be required, however, since there are

O,, would kill the anacrobic bacteria, a major source

indications that greater than 1% solutions could be toxic to fish, More
concentrated solutions would necessitate metering apparatus. This could
be the most economical means of disposal and also be ecologically
beneficial.

C. POURING ON THE GROUND

Preferably, waste hydrogen peroxide should first go to a holding
pond before discharging to an open body of water or a drainage ditch
containing water. Because of the presence of oxidizable organics in the
soil it is recommended that the practice of pouring on the ground be
employed only in case of emergency spills, and then the area should be
flushed with large volumes of water and care employed to avoid immediate

dumping into streams.
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IN. DISPOSAL OF 1,0, VAPORS

A, ATMOSPHERIC VENTING

Again, we point out that the decomposition products are harmiess
and that HzO‘) itself is not toxic, save for irritation to skin and mucous

membranes.

In light of previous discussion on decomposition rates and products
and considering the rate at which the vapors will disperse, we conclude
that straight venting of H20., vapors to the atmosphere is quite satisfactory.

T
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I. INTRODUCTION

This first category of studied undertaken as part of Phase 3 involved disposal
concepts that are not currently in use, that were deemed promising as alternatives
to current concepts. Especial emphasis was given to concepts applicable to vapor
phase disposal, because of the generally lower ratings given vapor phase concepts
during Phase 2 and smaller selection of acceptable concepts available for vapors.
Emphasis was also given to NZO 4 disposal concepts, because of the fact that NZO 4
does not eventually decompose in the presence of air or bacteria to form harmless

substances as do the hydrazines.
Concepts studied included the following:

1. Vapor condensation. This concept is applicable for vapors of
hydrazines as well as nitrogen tetroxide. Both experimental and theoretical
studies were undertaken, with extremely favorable results. A variation
on this method involves combined recondensation and steam scrubbing;
tests run with MMH were very successful.

2. Gamma irradiation. This concept is applicable to water solutions
of the hydrazine fuels and could therefore be used for both
liquid disposal and scrubber discharge treatment. It is of interest primarily
in conjunction with holding ponds, although other applications might be
possible. Experimental results were quite favorable.

3. Catalytic decomposition. This concept appears feasible for all of
the propellants of interest except IRFNA, with hydrogen peroxide posing the

least problem and N20 probably the most difficulty. It is applicable to

both liquid and vapor pﬁases. It is probable that in the case of N,O 4/ NO,,
catalytic decomposition of the vapor phase is closer to operational

feasibility than liquid phase decomposition. Our efforts in this area did not go
beyond a paper study; it is our conclusion that a fairly extensive research

and development program will be necessary before a definitive statement
regarding the feasibility, practicality, and economics of this concept can

be made.
4. Calcium carbonate neutralization. This concept is applicable to

water solutions of both NZO 4 and IRFNA. An experimental study established
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the feasibility, and verified the substantial henelits this concept has over

neutralization concepts that rely on water soluble neutralization agents.

; to holding ponds. The concept is

vapors, and possibly to the vapors of the other propellants

5. Vapor phase addition of N0
applicable to N204 s
as well. An experimental program cstablished the feasibility of this concept
for one type of bubbler design. Very small bubbles are probably essential;
a thorough study of bubble size and pond depth requirements has not been
performed. The practicality of this method, and its economic advantage or
disadvantage relative to a scrubber, will depend on pumping requirements
and the length of duct needed, which will vary according to the specific

application.

6. Ozone oxidation. This concept is applicable to water solutions of
hydrazine fuels. An experimental program showed that very rapid oxidation
to very low concentrations is possible, with controllable temperature rise
and negligible environmental impact. The method was judged to be entirely
acceptable; whether it is desirable relative to the very similar, but cheaper,
aeration methods is a question that would have to be answered in terms of any

given application.

Other potential alternate disposal concepts came to our attention during the

course of this study. Electrolytic chlorine generators, such as the units being

installed in many residential swimming pools, offer a source of chlorine for

neutralization without many of the undesirable qualities of the chlorine compounds

currently being added to holding ponds; for large scale neutralization, it is likely

that salt water will be required for the holding pond rather than fresh water.

Magnesium hydroxide scrubbers for removal of NO from stack gases and formation

of saleable by-products were described by Esso engineers at an AIChE meeting in

1970. Neither of these concepts were included in this study, and therefore they are
not discussed in the following sections.
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Il. VAPOR CONDENSATION

Three tasks relating to vapor condensation were performed, as described in
the following pagés. First is a theoretical and numerical study of the removal -
by cooling - of a condensible constituent from a mixture of gases. This problem is
the important one for us, since vent gases will normally be at a temperature below
the saturation temperatures of all the hypergolic propellants (for the pressures
involved), and hence these propellants can be present as vapors only if mixed with
other gas - that is, the propellants can only be above saturation if their partial
pressures are substantially below the propellant tank pressures. The second task
was an experimental study of the condensation of NZO 4/NO2 vapors, and the third
was an experimental study of the condensation of MMH vapors. In this last
investigation the concurrent use of steam scrubbing, to more positively preclude
hydrazine release to the environment, was also included.

P
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- ACTHE REMOVAL O N CONDENSIBLLL CONSTITUENT FROM A AINTUR Y

UF GASES - TEMPERAT URE AND ENERGY CONSIDERATIONS

II.A. 1 Formulation

Consider the transfer of heat away from a gas mixture for
the purpose of condensing one constituent, "C*. If the mixture is in
equilibrium at each instant in time, with all constituents assumed to
be perfect gases, then the mole fraction of C is related to its partial

pressure according to

p

c
‘]“

where P i8 the mixture pressure, assumed constant, Hence the

(,' change in resulting from a change in its partial Pressure is
dp
d X -° . (1y
Pm

The mole fraction of constituent C is related to its mass and
molecular weight, mc and Mc » and the mass and molecular weight
of the non-condensible fraction, my and MN » according to

(2)

2



and solving for m pives
¢

m, - m . (2"

Since the molecular weight and the mass of the non-condensible
constituents are all constant, we have

M d Xc
dm = — — m
c MN (1 _xc) . N

and substituting for X ¢’ d Xc from equations (1) and (é) gives
the result ' . )

W,

Mc M mc | mN (dp |
N Mc MN SAT ‘¢ (3)

where PSAT ( Tm ) for constituent C is assumed known, Tm being the mixture
temperature. Equation (3) will be used as a difference equation to establish

numerical relationships between m and Tm for various cases of interest.

The amount of energy that must be removed from this mixture
of gases to accomplish an infinitesimal temperature change dTm is

dh
C

dQ = |m_c + m e dT  +lh dm
N Py c dT SAT m fg c c (4)
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Neas’

where the specitic heat, ¢, and latent heat, h, , are functions
iy
N ¢ dh
of T in the general case. ( d’l‘t ) is the rate of change of the

enthalpy of C due to moving along the saturated vapor curve, and

is also a function of T

II.A.2, Initial Condition

Equation (2", with m_. .~ m

N m - Mo becomes ( after solving
form ):
c
Yoo x
M c
m_ = N m
1 +f—— - 1} X
MN c

where m_ is the total mixture mass, and

. - PsaT
c P
Similarly,
Me
MN X ¢
My = My "M = my 1- M,
} 1 45~ - Yx

l-xc o
1 + &—1 X "
M'N c

These values for m, and m, ~were used in Equation (3) as initial values at the
beginning of the finite difference procedure.
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11LA.3 Application to the Condensation of Hydrazine Vapors from Venl Gas - }

The method of analysis outlined above depends on know-
ledge of the saturated liquid-vapor p - T relationship for constituent
C. For the sake of computation, either a numerical ( including
graphical) or algebraic relationship is satisfactory.

In the case of the hydrazine types of interest, the following
algebraic relationships were established by investigators working in
the early days of rocketry under the sponsorship of the Bureau of Mines
and Office of Naval Research (p in mm Hg, T in °k ) ¢

1

For N2H4 .
log,, P = 7.80687 - 1680.745/ (T - 45.42), (5a)
2 .
For MMH - , ' ' D
loglop = -7.88 long - 3146.0/T + 31.746, (5b)
3
For UDMH ,
log o P~ -2717.132/T - 6.745741 log,, T + 28.000194. (5¢)
1

D. W. Scott, G. D. Oliver, M. E. Gross, W. N. Hubbard and H. M.
Huffman, " Hydrazine: Heat Capacity, Heats of Fusion and Vaporization,
Vapor Pressure, Entropy and Thermodynamic Functions." J. Am.

Chem. Soc. 71, 2293 - 97 (1949).

2J. G. Aston, H. L. Fink, G. J. Janz and K. E. Russell, "The Heat

Capacity, Heats ot Fusion and Vaporization, Vapor Pressures, Entropy,
and Thermodynamic Functions of Methylhydrazine.'" J. Am. Chem. Soc.
73, 1939 ~ 43 (1951). Note: the equation as published contains a mis-
placed decimal point in one term; this error was corrected in the
equation written ahove to yield agreement with the experimental data
published in the paper.
3 ./

. J. G. Aston, J. L. Wood and T. P. Zolki, "The Thermodynamic
Properties and Configuration of Unsymmetrical Dimethylhydrazine. "
J.Am. Chem. Soc. 75, 6202 - 04 (1953).
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All of these relationships were based on laboratory measurements,

and are believed to result from establishing the empirieal constants

in theoretical thermochemical equations by least-squares fitting

to the measured data. Plots of these equations are presented in Appendix A.

Data for the temperature dependence of h, and ( 3h/3T)

fg SAT
is not available, as far as we have been able to ascertain, except for

a limited amount of data in the case of MMH. Theoretical approxi-
mations could certainly be obtained for the temperature dependence

of ht’g using Clapeyron's equation and empirical equations of state;
because of the relatively small temperature range of interest in this

investigation, however, it was decided to treat hfg and ( 3h/ 3 T gaT

as constants.

The values of hfg for N2H4 » MMH, and UDMH reported

in the same references just quoted are 10,700 , 9648 , and 8366
cal ‘mole, respectively, at 298.16 °K. [n the case of the substituted
hydrazines these are measured values, while for N_H, it is a theoreti-

24
cal value based on the vapor pressure measurements, using the

" Berthelot equatxon of state and critical point data. In the latter case.

the estimated uncertainty is given as + 175 cal/mole. Because this
temperature (equal to 77° F) is an appropriate one for our vent gas
application, these values were used as constant approximations to
hfg throughout the temperature range of interest.

The term ( dh BT)SAT can be expressed as a function of
more easily obtainable quantities using the expansion

Bh,, - B, () @),

where all terms are functions of position along the saturation line,
and (dp.d T)S AT °an be obtained from equations (5a), (5b), or (5¢),
as appropriate,

169



FFor the sake of this investigation, the perfect gas assumption ’3

was made so that

3
() , -0
P/

and the expression for ( dp /dT)SAT was not needed. In the more
gereral case, ( 3h 3 p)T could be calculated from data for the
specific volume of saturated vapor (or an equation of state) using

the relation

(), - (),
T ¢ p
which is derived from Maxwell's equations.

In addition, it was further assumed (as in the case of hfg)
that the specific heat, cp = (3h” Fl‘)p » is constant throughout

the temperature range of interest. Similarly, the temperature ' !

O

dependence of the specific heat of the non-condensible gas, cp s

is also neglected. N

With these assumptions, equation (4) becomes

dQ = (cpN mg + cpc mC ) dTm F (hfg)c dmc , (4N

withm ., ¢, ¢, and (h all being constants. The equation
N' oy b, (g ) g q
in this form was used as a finite difference equation in. the computer

code for this investigation.

Values for the specific heat cp were published for NZH 4 by
4 c s

Scott et al » and for MMH by Astonet al . The values given at

298. 16°K were 12.6 and 17.0 cal‘deg/mole, respectively, and these

values were chosen for the constants in equation (4'). In both cases

these were the lowest temperatures for which vapor phase specific 3 )
heats were given. Data for UDMH have not been found; on the basis

4See footnote 1 above

5See footnote 2 above
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of the data above, and published data for the heat capacity ot liquid
UDMH, MMH, and N2H 4 in the temperature range of interest, a
guess of 22 cal/deg ‘mole for the specific heat of UDMH in the temper-

ature range of interest was made and this value used in equation (4").

The vont gns was assumed to be nitrogen gas, saturated
with N2H 4’ MMH, or UDMH , at approximately three atmospheres
pressure and atmospheric temperature. ( This represents the maxi-
mum quantity of hydrazine that can be present in equilibrium as a
vapor, since the normal state of all three hydrazines is liquid at

these conditions.) The specific heat of nitrogen, cp in equation (4,
N
was taken to be 6.95 cal/deg/mole throughout the temperature range

of interest.

II.A.4. Results for Hydrazine Condensation

The computer code described above was used to investigate
a case in which a saturated mixture initially at 300 °K, 2300 mm Hg,
was progressively cooled.

Figure 14 shows the actual amount of hydrazine condensed,
as a function of temperature. The large differences between UDMH,
MMH, and N2H 4 reflect the different amounts of fuel vﬁpors initially
present; UDMH, because of its relatively low boiling point ( high
vapor pressure), is initially present in large quantity, whereas N2H 4
with the highest boiling point and lowest vapor pressure, is present
in the vent gas in only very limited quantities. Figure 15 presents
the same information, but in terms of percentages of the initial fuel
mass condensed at any point during the process, rather than actual
mass condensed. Here the three curves are much closer together,
with N2H 4 looking most favorable by a small margin. The N2H

4
curves all terminate at the freezing point.

Figure 16 shows the heat removal required to achieve any given
temperature. As in Figure 14,the UDMH curve is highest because
of the relatively large amount of UDMH initially present. This
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Figure 15, Condensation of hydrazine fuels from N2
saturated with fuel vapor at 300°K, 2300 mm Hg
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information ig combined with the vesults Tor mass condensoed in
Figures 17 and 18, which show the "cost", in terms of heat removal
per unit mass condensed, of condensing these fucls.  Figure 17 shows
overall heat removal divided by overall mass condensed for each

fuel, while Figure 18 shows the incremental cost - calories per gram
for the incremental mass of fuel condensed at any temperature. In
these plots it is evident that recovery of UDMH is the most attractive
of the three fuels, in terms of costs (both operating and equipment
costs) per unit mass of fuel recovered.

To further define the cost, note that

cal - . 0005274 kw-hr
gram Ibm

80 that the first UDMH condensed requires .0923 kw-hr of energy
removal per pound recovered, the first MMH requires. .1735 kw-hr
per pound and the first N2H4 requires .458 kw-hr per pound.
Similar figures at the point when 80% of the original fuel vapors

are condenséd’are -1382 , .349, and 1.292, respectively. If we
assume that'a refrigeration system with a coefficient of performance
of 3 is used, and that electrical costs are 3 cents per kw-hr, then
these figures also represent the electrical cost in pennies per pound
of propellant recovered - modest figures even in the worst case
Capital equipment costs are of course not included.

LA, 5, Application to the Condensation of Nitrogen Tetroxide
Vapors from Vent Gas, and Results

The method of analysis was also applied to N,0 4/NO2
condensation. In this case an empirical equation, similar to equations
(5a), (5b), and (5¢c) for the hydrazines, was presented by Giauque and
Kemp6 for the vapor pressure of liquid nitrogen tetroxide in the range
261.90 to 294.9 °K:

GGiauque, W. F. and J. D. Kemp, "The Entropies of Nitrogen
Tetroxide and Nitrogen Dioxide. The Heat Capacity from 15°K to the
Boiling Point. The Heat of Vaporization and Vapor Pressure. The
Equilibria N204 = 2NO2 = 2NO+02. " J. Chem. Phys., Vol. 6, pp. 40-
52 (1938).
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Figure 18. Condensation of hydrazine fuels by

cooling a saturated mixture of hydrazine and
nitrogen from 300°K at 2300 mm Hg
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10g, o P = - 1753.000/T +8.00436 - 11.8078 x 10™*T o

+2,0954 x 107° T2, (6 )

This equation was entered into the compufer code described above, and
is plotted in Appendix A. It should be noted that ""these two substances
(N20 4 and NOZ) are present at appreciable mole fractions under all
conditions of equilibrium between the liquid and gaseous states, W1 and

that this equation refers to the equilibrium mixture at any value of (p, T).

The latent heat of vaporization, hfg’ at 294. 25°K was presented by
Giauque and Kemp8 as 9110 + 9 cal. /mole, based on a series of several
experiments. This value was compared with a theoretical value (based
on empirical equations of state and degree of dissociation) of 9223 cal./
mole. The value 9110 was used for this study. In using this value, "per
mole' actually means per 92, 016 grams, as if none of the NZO 4 Were
dissociated. The value is nevertheless the actual equilibrium value. It
should be noted that the equilibrium at the boiling point is not altered by

the phase change - it is the same in the liquid and the vapor phases.

P
U

(Dh/aT)S A Was approximated by ¢ a8 in the hydra.zing cases. This
specific heat was studied quite thoroughly by Fan and Mason”, who
developed an extremely complex equation for the equilibrium heat capacity
of the N20 4 N02-NO—O2 system, taking account of the equilibrium reaction
heat capacity., Numerical solutions were also presented; at 300°K, 1 atm

the result was
cp = 1,309 calories/gram °K,

the value used in this study. It should be noted that this value is quite
different from the frozen equilibrium heat capacity, which was also
calculated by Fan and Mason., This value was found to be 0. 2033 cal/g-°K,
close to the value of approximately 0,235 cal/g-oK indicated by a curve

Top. cit., p. 41.
80p. cit., p. 45.

9Fan, S.S.T. and D. M. Mason, "Properties of the System N
2NO,, = = 2NO + O2 " Journal of Chemical and Engineering Data,
Vol. 7, pp. 183-186 (1962).
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for NO,, alone that was published in n very recent paper by Yaws and
Hopper 10, whether equilibrium or [rozen equilibrium is closer to
reality in our situation is difficult to determine and of course depends on

rates, etc. The equilibrium value was chosen as being the more conservative.

The molecular weight was found using the equilibrium constant data
presented by Giauque and Kemp for the reaction N20 4 2NO 9° These data
(which include experimental results obtained by several earlier investigators)
can be very closely approximated by the linear relation

log10 K = - 11.58 + .036T,

T being the temperature in °K and K the equilibrium constant in atmospheres.
Having calculated K, the degree of dissociation, ® , is calculated by the

usual relation

K 3
ol =(41) +K ) ’
p being the pressure in atmospheres. Interms of ®, the mole fractions of

N0, and NO,, are (1-el)/(1+et) and 2ol /(14 &), respectively, and the

molecular weight of the equilibrium mixture is

M = (46.008) + (1-«) (92.016) .

The results for e are presented in Appendix A; they were found to agree
closely with other published data points.

The vent gas was assumed to be nitrogen, saturated with N20 1" NOZ’
as in the hydrazine cases. The results are presented in Figures 19 through
23, which generally follow the same format as the corresponding Figures 14
through 18 and can be compared with those curves. The results are even

more favorable than the hydrazine results.

10Yaws, C. L. and J. R. Hopper, '"Oxides of Nitrogen: N
Chemical Engineering, August 19, 1974.

O, NO, NO

1"
.

2 2
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Figure 20, Condensation of nitrogen
tetroxide from N, saturated with -
N,0, vapor at 30%"!{, 2300 mm Hg
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B. CONDENSATION OF N204 - NO, VAPORS

Oone of the most eritical hypergol disposal problems is the effeetive disposal
of Ny - NO, vapors vented during vehicle loading operations. It is estimated that
8000 gallons of N9O,; will be loaded onto the shuttle vehicle for cach launch. A
total of 180 gallons or slightly less than 5% is expected to be vented during the
loading operation. The loading operation can be crudely visualized as shown in
the sketch below, with vaporized NyO,4 - NOs exiting straight out of the vent. ‘
Venting ~f this amount of this highly toxic and noxious material is clearly
not permissible.

Pump Vent

>y

Drums
NyO,

Rocket
Second stage

N~

A possible method of minimizing the amount of NgO4 ~ NO5 released to the
atmosphere would involve recondensation of vaporized N204 - NOg to the liquid
form. This condensed material can then be either disposed of at a later time
under more favorable conditions or reused as a hypergol.

As a prerequisite to consideration of recondensation as a disposal alternative,
some fundamentals of the NoO,4 - NO2 system must be clearly understood.
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Liquid NoOy4 contains dissolved normallyv gaseous NO,,, and gaseous N2Oy B

is in equilibrium with gaseous NOs as represented in the following equations

1) NOj + NyO41 &&=NyO4g + NO,

2) N,0,6 F== 2NO,g

Thus it is seen that effective recondensation dépends on a significant
concentration of N20 3 existing in the gaseous state which in turn is favored by a
positive free energy value and dissociation constant less than one.

The dissociation constant (K ) in the gas phase is equal to the partial pressure

(p) of NO squared, divided bv the partial pressure of N o,.

pNC\Z

4’

K 1
p - pN204 (1)
If the term & represents the degree of dissociation of gaseous NZO 4 38
NO,, then 1-®& represents the number of moles of undissociated gaseous N20 4

and 24 the number of moles of N02. Therefore (1-a ) +2ekor 1 +a is )

¥
proportional to the total number of moles involved. If the total pressure is -
represented as P, the partial pressures involved are

P _1-4
N204 = TTea P

P 2 o P
NO, Trel

The dissociation constant Kp can therefore be given as
Kp _ 1 +d P) 4o 2

= 2=—p
A p 1-at2

1 +al
At 25°C and P equal to one atmosphere, NZO 4 has been found by vapor density

measurements to be 18.46% dissociated ( ® = 0.1846, see Table XXIV) giving
K. = 0.141,
p
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TABLE XXV

Equilibrium composition of N204 - NOZ’ in terms of degree of dissociation of N204 (af)

Temperature ok o

. °c 1 atm. 2 atm, 3 atm.,
15 0.122 0.087 0.071
25 0.185 0.132 0.108
35 0.270 0.195 0.159
45 0.378
55 0.502
65 0.628
75 0.741

The standard free energy change can be calculated from the equation

AF° - RT In K,

where R = the gas constant, 1.987 cal/mole - Ok
. T = temperature in degrees Kelvin
giving AF° = +1161 calories/mole.

These calculations show that at 25°C and one atmosphere N
is favored in the gaseous state.

2O 4 formation

The heat of vaporization of NZO 4 is 9.110 kcal. /mole. This value is
considerably higher than that calculated theoretically using Trouton's rule
which simply states that the heat of vaporization, divided by the boiling point in

degrees Kelvin, approximates 21

AH ;‘ag > 9 .
The boiling point of N,0, 18 21°C or 294°K. Thus theoretically, the heat of

vaporization should be 6.174 kcal. /mole. This large difference can be explained

by the large dipole moment of NO2 and NZO 4
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These data, and the results of the analysis of Section A all show that
recondensation of N20 4 should be more practicable than one would intuitively
expect merely considering the low boiling point and the readily observed dissociation
into NOZ' The following laboratory studies were therefore initiated in order to
construct a model of a possible recondensation system.

A 800 ml. r.b, flask containing 50 ml. of N20 4
end of a conventional reflux condenser. The condenser was cooled with cooling
water at various temperatures produced in a portable bath and circulator
containing a refrigeration unit and a small water pump. The bottom end of the

condenser was equipped with a receiver flask and a side arm which led to a

was connected to the top

sparger and which in turn was inserted into a small beaker of water (see Fig. 24).
The circulating submersible pump used to circulate the cooling water was 1/150
horsepower. The pump circulated the water at a rate of 10 liters per hour.

The N20 4 Va8 heated to 35°C and the vapors condensed in the receiver
flask. The cooling water temperatures, the percent of NZO 4 recovered and
the time required for recondensation are listed in Table X¥V. _

TABLE XXV
Recondensation of N20 4

Cooling Water % Recovery Recondensation
Temperature °C of N204 Time
-2.5 97% 10 mins.
0 88% 10 mins.

+5 80% 20 mins.

From these experiments, it seems that recondensation of vented N20 4 "
NO2 is very efficient using low temperature cooling water and may indeed be
the method of choice for the disposal of vented NZO 4 produced during the
hypergol loading operation.
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— « Cooling water in
L. «Cooling water out

500 ml. r.b. flask

N,0,

Water Bath
Friedrich's Reflux
Condenser

Recondensed N20 s

50 ml. flask

Sparger

Figure 24, Experimental apparatus for recondensation of N20 4

189



. DISTILLATION AND STEAM SCRUBBING OF MONOMETHY L. HYDRAZINE

In order to crcate an experimenial model, however imperfect, of the possible
recondensation and scrubbing of vented monomethyl hydrazine (MMH) during the
Shuttle hypergol loading operation, the following experiments were conducted.

A simple distillation of MMH was performed using an air-cooled condenser
the dimensions of which are shown in Fig. 25. The room temperature at this
time was 23°C. Starting with 25 ml. of MMH a total of 22.5 ml. or 90% was
recovered in 15 minutes. The ratio of the volume of air in the system to the
volume of MMH was 112 1.

A second series of experiments was run similar to the above except that
a water cooled condenser and 5°C cooling water was used. The data in Table XXVI
denote the initial starting volumes of MMH, the ratio of the volume of air in the
system to the initial starting volume of MMH, the volume of MMH recovered,
and the percentage recovery (see Fig. 26).

TABLE XXVI

Bals
;.\b)

Condensation of MMH

MMH Vol. Air Vol. % Recovered
Initial Volume (ml.) MMH Initial Volume Recovered
_ (ml.) MMH
5 68.4 4,8 96"

10 | 33.7 9.8 98

20 16.4 19.5 98

30 10.6 29.0 97

40 T.7 39.0 98

A third series of experiments was conducted in which an attempt was made to
combine the model recondensation system with a model scrubbing system. Since
a source of a fine spray of water was unavailable, steam was used as the scrubbing
agent. The apparatus was set up as shown in Fig. 27. Initially, 10°C cooling
water was used and a starting volume of 25 ml. of MMH with a volume of air to
volume of MMH ratio of 95.6. Five hundred ml. of water was converted to the
steam which was used for scrubbing. Also, 24,0 ml. of MMH (96%) was recovered .
in the receiver flask as assayed using the DAB method *. i)

*
See Appendix B
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——vent

100 ml. flask —~——receiver

MMH

Total vol. of air outside of flask = 203 ml.

Figure 25. Experimental apparatus for distillation of MMH and air cooled
condensation,

191



MMH

———to trap

Standard Friedrich's
Condenser

—~+———————Receiver

o3
-
i

100 ml. flask

Air volume outside of distillation flask = 247 ml,

Cooling coil volume = 190 ml.

Cooling water flows at a rate of 30 liters/hr. at 5°C.

Figure 26. Experimental apparatus for distillation of MMH and water cooled

condensation.
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Cooling water (in) —— . _|
Cooling water (out)/

Distillate\//

Feedline

Feedline

Air raps with absorbing
Trap solutions (75 ml.)

(500 ml.)

Receiver flask

Heating mantle

Dimensions

1. Receiver (vol.)

2. Steam Generator flask (vol.)

3. Distillation flask (vol.)

4. Cooling coil (vol.)

5. Condenser (vol.)

6. Feed line (vol.)

7. Feed lines (length)

8. Diameter cooling coil

9. Traps (vol.)
I0. Length of cooling toils
11. Width of cooling coils
12. Number of coils

Figure 27. Model recondensation steam
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Heating mantle

1100 ml.
1000 ml.
100 ml.
38 ml.
400 ml.
8 mil.
50 cm.
0.5 cm.
150 ml. (ea.)
25 cm.
3 cm.
15
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A fourth series of experiments was performed analagous to the above except B
that varying volumes of MMH were distilled and the cooling water temperature was
5°C. Steam was generated for varying amounts of time depending on the amount
of MMH to be distilled, but steam was always generated starting ten minutes before
distillation and ending ten minutes after completion of distiliation. The data
are shown in Table XXVII. .
MMH was not found in the traps and, therefore, the most likely explanation
for the poorer recoveries at the lower volumes is decomposition or oxidation in

the distillation flask.

TABLE XXVII

Distillation and Steam Scrubbing of MMH

MMH Vol. Air Vol. Recovered @%Recovered Vol.(ml.9)
Initial Volume (ml.) MMH Initial Vol. MMH (ml.) Steam used
{as water)
50 16.8 49.1 . 98.2 375
. -~
40 58.8 40.1. 100.1 445 "\;)
30 ' 78.7 29.9 99.7 425
20 ) 118.6 19.4 97.0 245
10 238.1 9.2 92.0 170
5 477.2 4.0 80.0 165

The results of the experiments would seem to indicate that a recondensation
scrubbing disposal system for MMH is feasible. Unfavorable conditions which
were present in these experiments such as distillation under one atmosphere of
air would not be present under actual operating conditions where loading of MMH is
conducted under nitrogen pressure of one to three atmospheres. It is possible to
envision an apparatus attached to the vent port of the rocket which would recondense
the majority of the fuel and scrub the remainder, thus allowing very little if any
escape of fuel vapor to the atmosphere (Fig. 28).
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Cooling water,

(out) \

:{ac;iket fuel s —~*—cooling water (in)
AN
"\Recondensed
MMH vapor
MMH
d‘-f—liquid

Figure 28, - Proposed recondensation scrubbing disposal system
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III. DESTRUCTION OF N2H4, MMH OR N204 BY GAMMA TRRADIATION

OBJECTIVE: To Determine the Effect of Gamma Radiation from Cobalt - 60 on the
Decomposition of Waste Hyvpergols.

1. Background

In the irradiation of water solutions, destructive oxidation of organic/inorganic
molecules takes place by direct energy absorption which ruptures the bonds in the
molecules, followed by O2 combining with the free radicals formed. Much of the
oxidation occurs due to the indirect attack by the hydroxy! radical (OH™) resulting
from radiolysis of water as well as from the hydrated electron (ea';l). The
hydrated electron is a highly reactive negative ion that appears to be a more powerful
reducing agent than the H atom. The ea'('1 particle is considered to be the dominant
species in irradiated water and is utilized to explain many of the radiolytic
processes. 1

The nature of the reaction of the hydrated electron is given by:

e. + X=»Y , Y
For example, in the case of N2H4
eaq 3 N2H4-v NH2 + NH2

There are several empiric values used to assess the efficiency of a radiation
initiated reaction. One of these is called the G value and another is the absorbed
radiation dose (Rads) required to achieve the destruction of a species or combination
of organic/inorganic species.

The G value is defined as the number of molecules of chemical compounds
which are formed, changed, or disappear; or the number of oxidation reactions
which occur as a result of the absorption of 100 electron volts of energy.

A Rad is approximately equal to the absorbed dose delivered to material
exposed to one roentgen of medium voltage X-radiation.

IRad = 100 erg/gram

1Hart, E. J., Record_ Chem. Prog., Vol. 28, p. 25 (1967). W
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2. The Cobalt-60 Facility at F, 1. T.

The Cobalt-60 facility at Florida Institute of Technology is operated by the
University Center for Pollution Research (UCPR). The gamma rays from the
27,000 Curie source are of the electromagnetic type which are more suitable for
treatment of liquids because of the lack of residual radioactivity in the irradiated

material.

3. Experimental Procedure

The diluted samples of MMH, NzH 4 and NZO 4

bottles,capped and exposed to the Co 60 gamma source for the required period for

were poured into 4 oz, glass

dosages of 104, 10° or 106 rads. The controls and the exposed samples were
analyzed for residual concentrations of undecomposed hypergols. The results
appear in Table V.
. Methods of Analysis

The analyses were performed according to methods listed in the 13th edition
of STANDARD METHODS FOR THE EXAMINATION OF WATER AND WASTEWATER,
published by A.P.H.A. For hydrazines, the p-DAB procedure was followed (see

Appendix C). A Bausch & Lomb Spectronic - 20 spectrophotometer was utilized
in determining concentrations of the hydrazines or nitrate.
5. Results

As shown in Table XXVIII, irradiation of aqueous solutions of MMH, N2H 4 T

N20 4 results in partial destruction of the hypergols.
In Test1, N2H4 concentration was reduced by more than 8% in approximately
1 1/4 hours from the 75,000 ppm level (7.5%).

In Tests 2, 4 and 5, N20 4 concentration was reduced approximately 12-149;
in 1 1/4 hours from various concentration levels.

In Tests 3 and 6 the MMH concentration was reduced approximately 17%

in 7 1/2 minutes and approximately 26% in 1 1/4 hours.
6. Discussion -

The hydrazines decompose to yield N2, H2, and possibly some CO2 with
MMH, creating a slight pressure in the screw-capped bottle. (This reaction is
essentially irreversible.) These products are environmentally safe for disposal.

The gaseous pressure problem can be relieved by having an open system.
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Test

Dose in
KR

0(Control)
1,000

0(Control)
1,000

0
10%
10°
0
104
109

108

0
10:})
10

106

0

104
10°
10()

Gamma Radiation Experimental Results

Time
Irradiated

0
74.5 min,

0
74.5 min.

415 sec.
7.5 min.

45 sec.
7.5 min.
74.5 min.

0
45 sec.
7.5 min,
74.5 min.

0
45 sec.

7.5 min.
74.5 min.

TABLE XXVII1

NoHy MMH
Ppm ppm
74,500
68,000
12.1
10.7
9.9
Bottle Leaked
52,500
50, 000
43,400
38,800
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N204
pPpm
(as NOg)

18,480
16,280

1925
1870
1760

1650

50, 600
48,400
44,000

% Reduction
from Control

8.72



N‘,O' decomposes to yield NU‘ nond N,,. thuscreating a secondary disposal

problem.  Ina closed svatom, as in the serew-capped bottle, the evolved NU.‘(
will collect in the gasoous phase and et up an equilibrium with the Tiguid. 1t

may be assumed that complete destruction by continued gamma radiation will not
be casily achieved duc to this cquilibrium. Sufficient radiation of NOX to form N2

may require an uneconomically long period of time.

From an environmental viéewpoint, radiological destruction of the hydrazines
offers certain advantages. The formation of elemental gases and water eliminates
the toxicity problem from waste effluent being discharged into streams. No
additives, as neutralizing or oxidizing agents (NaOH, hypochlorites, etc.) are

necessary, thereby eliminating the need for chemicals.

On the other hand, it was noticed that under the test conditions (screw-capped
bottle) there was a build up of pressure in the bottle due to gas generation. In
addition to the expected N2 gas an odor of NO and the brown fumes of NO2 were
noticed on uncapping the bottle. These NOX present a secondary disposal problem.

Past experience at Palmdale* indicated direct operating costs of under $1.00
per 1,000 gallons of waste water treated, including a filtration system. The
initial construction cost of a radiation facility is approximately twice the cost of
a conventional facility. Operating costs for a hypergol treatment facility may be
anticipated to be higher due to the larger dosages required for chemical compound
destruction, with concomitant increased exposure time and pump recirculation
costs. Our preliminary estimate is that operating costs would be less than 5 times
the above cost - less than $5 per 1000 gallons treated.

The cost of chemicals alone used in treating 1000 gallons of 1% MMH solution
(80 lbs. contained MMH) would amount to $160. 00 if H202 is the neutralizing agent.
(See Table XIV, page 92 ). . In the final analysis, the overall
costs of both methods must be evaluated in order to obtain comparative figures.

Figure 29 shows a plot of dosage vs. MMH concentration. The G value, used
for assessing the efficiency of a radiation reaction was not determined. - A possible
synergistic effect by bubbling O2 or O3 during irradiation was not explored due to
time limitation. It is believed that destruction of MMH would be enhanced due
to strong oxidizing conditions.

"This was a 16,000 curie Co60 facility treating approximately 10,000 gallons
daily, located at Palmdale, Florida, for disinfection purposes.

199

1oy



Dosage in KR

1000 = Ll T T T
: b
_ i
- —
- —
100 .
- -
- 1 0

10 F 1
: n
—
5 1
—1
— ~

!

0 1 1 ] ¢

20,000 30,000 40,000 50,000 60, 000

MMH Concentration, ppm

Figure 29. MMH decomposition by cobalt-60 irradiation after 74.5 minutes. \)
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7. Conclusions

Results of this work indicate that the destruction of N2H4, MMH or N204
by gamma radiation from Co 60 jg possible.

More decomposition occurred than was anticipated for hydrazine type compounds
at the relatively small dosages used.

The radiation/destruction approach is worthy of continued effort if only to
establish the lability of the 3 hypergols briefly looked at above.

The environmental aspect of radiological destruction of N,H, and MMH looks

274
favorable; N20 4 may present a gaseous disposal problem at high N20 4 concentrations.
On the basis of the preliminary work, it is recommended that further work
be carried out to study the pertinent parameters involved in the gamma destruction

method for disposal of hydrazines.
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IV. CATALYTIC DECOMPOSITION el

It is apparent from chemical considerations that wasie and contaminated
hypergolic propellants might be effecetively eliminated by catalytic decomposition.
This scction of the report discusses some aspects of the technique and the
possibilities for application. The use of catalysts also entered into the experiments
described in Section III.. A of the ""Application Studies" portion of this report.

Reactions occurring entirely within a single phase are referred to as
homogeneous, while those occurring at an interface are heterogeneous. Experi-
nmrentally one finds that the activation energy for the latter is lower; the magnitude
of the differential is a complex function of several thermodynamic parameters.
Catalysts are simply a relatively stable interface introduced into the system to
supply a favorable reaction site.

Catalysts are particularly important for exothermic reactions. Although
the equilibrium constant is such that the reaction should proceed at, say, room

temperature, the rate may 'be prohibitively slow. From the empirical Arrhenius

equation \)

- [AEa
Rate = A e.axp%, RT) ’

where AEa is the activation energy, one would expect a satisfactory rate to

obtain by a sufficient increase in temperature. However, according to Le Ch8telier's
principle, whenever an equilibrium system is perturbed the system will attempt to
readjust in such a way as to oppose the applied change. So when the temperature

is increased the equilibrium shifts in the direction which causes an absorption of

heat, thereby requiring an additional increment of heat to raise the temperature.

Stated mathematically the temperature dependence of the equilibrium constant is

dInK _ =AH
3 (1/T) R

Catalysts are the means by which the reaction can be carried out at temperatures
where the equilibrium constant is favorable.

The use of a catalyst for decomposing hydrogen peroxide was briefly
mentioned in the portion of this report on '"Evaluation of Current Disposal

Methods. "' To further investigate the possibilities of this technique,
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letiers were sent o organizations believed to be active or at
least knowledgeable in the field: Engelhard Industrvies, Ine., Matthev Bishop, Inc., and
Intornadional Nickel Co., Inc. Matthey Bishop has not replied and Mr. R. B. Teel
of International Nickel provided five more leads: Harshaw Chemical Co., Chemetron
Corp., Monsanto Chemical Co., W. R. Grace & Co., and International Copper
Research Association, Inc. Of these, only Chemetron has failed to respond;

neither INCRA nor Monsanto could offer assistance.

W. R. Grace & Co., Baltimore, responded with:
"Hydrogen peroxide could be decomposed over a manganese
catalyst such as our Grade 908.
""The hydrazines would also be relatively easy to decompose
using Raney nickel catalyst.
"The N20 N and HNO3
A catalyst containing platinum or palladium used in a reducing

pose the most difficulty in decomposition.

atmosphere of hydrogen or carbon monoxide would probably do
the job. Unfortunately we do not have such a catalyst available. "

Decomposition generally requires 3-5 percent of catalyst on a weight basis. In

lots of 100 to 1000 pounds the Mn908 is $3.85 per b (f.o.b. Baltimore), and the
‘Raney Ni 28 is $4.05 per lb. (f.o.b. So. Pittsburgh, Tenn.).

The Harshaw Chemical Co., Cleveland, supplied information on two nickel
catalysts developed by the Jet Propulsion Laboratory for the decomposition of
hydrazine. Indications are that their use is limited to the controlled decomposition
of monopropellant hydrazine used in space probes. The price quoted for the two
nickel catalysts in 100 lb lots was approximately $5 per pound.

if we assume that 4 weight percent catalyst is needed for decomposition,
the disposal of 8000 gallons of N2H 4 3 x 104 kg) would require 1.2 x 103kg of
catalyst. At $11 per kg ($5 per lb) this is $13, 200 worth of catalyst, or $1.65 per
gallon of fuel disposed. The catalyst probably can be regenerated to reduce
cost, perhaps substantially, but this is an unknown at present. The poisoning
effects of impurities in the waste fuels would have to be investigated.

The Systems Department of Engelhard Industries responded with little
conclusive information. They have no confirmed processes directly applicable to
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the propellants of interest but suggest that the disposal of N20 4 by dilution with

air and catalytic decomposition analogous to nitric acid tail gas would be feasible.

In a paper by several of their people1 a system is described which they believe ,’j
will decolorize the effluent and reduce the NO5 level to approximately 200 ppm

(Fig. 30).

The manufacture of nearly all nitric acid begins with the catalytic oxidation
of ammonia to form NO, which reacts with residual oxygen to form NO,. This
is absorbed in water forming HNO3 and additional NO. For maximum power
recovery the gases are heated by direct catalytic combustion of the NO2 before
entering the expander. If additional fuel is added the total nitrogen oxides are
reduced to the 100 - 1000 ppm range.

The major problem in earlier systems was the reduction of catalyst
activity or short catalyst life. Engelhard feels they have overcome these problems
with a system employing a spherical palladium catalyst, fuel desulfurization,
and process control features for temperature control, fuel/oxygen ratio and
thermal protection of the catalyst.

Apparently the technology is available to solve the problems of catalytic
decomposition of hydrogen peroxide, nitrogen tetroxide, and the hydrazines. The
HF inhibited nitric acid poses difficulties; experience shows that halogens have a ‘D
deleterious effect on catalyst life and activity.

Engelhard has offered to quote on a study to explore the economics,
effectiveness, problems, potential catalyst poisons, etc.

One of Engelhard's products which may be worth investigating further is
"CHLOROPAC", an electrolytic sodium hypochlorite generator. It is a modular
system producing hypochlorite solution directly from ocean water, with a

capacity in any desired range. Inthe section on Evaluation of Current Disposal
Methods, peroxide was chosen over the hypochlorites for the neutralization of
hydrazines; one of the bases of evaluation was cost. A device such as this

may call for reevaluation.

Dr. Robert Ottinger, the author of the extensive TRW Report, has
advised that the inexpensive catalyst mentioned in that report is molybdenum
based.

1Gillespie, G. R., A. A. Boyum and M. F. Collins, "Catalytic Purifications, )
of Nitric Acid Tail Gas: A New Approach,.' Presented at the AIChE Annual
Meeting, San Francisco, December 2, 1971.
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Figure 30. NOX Abater System I, reproduced from Gillespie et. al.
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Further information on current development wag promised, but has not vet

-

been received,

It has been learned that onc supplier's proprietary catalyst for N2H4 is
a mixture of iron and iron oxide. If further study is decided upon, a series of

experiments using rusty automobile body sections might be worthwhile.
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V. CALCIUM CARBONATE AS A NEUTRALIZATION AGENT FOR N204

1. The Calcium Carbonate Disposal System

The disposal of large quantities of N20 4 presents numerous problems. Thermal

reduction is possible but requires special equipment. Neutralization with a soluble
base such as Na2C03, Na.HCO3 or NaOH results in exothermic reactions

and the problem of disposal of excess neutralizing solution into biologically
sensitive ocean, river or groundwater systems. A possible solution to these
problems is a water insoluble neutralizing agent. The cheapest and most

readily available is Calcium Carbonate (CaCOs). A large pool could be dug and

on the bottom could be layered CaCO3 and water,
/ N204
\_ = /

T RS P TS ST LN E T <L SAFUN D

The N o) 4 could be fed to the aqueous layer. Ina matter of time, only that
amount of CaCO3 would be dissolved as was necessary to neutralize the N O fed
to the system. Thus, no high degree of exothermy would be necessary. After
neutralization, the solution would be at or near neutrality (pH 7). The dissolved
chemicals would be the minimum necessary to neutralize the oxidants, and thus
disposal problems of the aqueous layer would be minimized.

To determine the feasibility and desirability of pools of this type, a series
of laboratory experiments was conducted.

2. Experimental Results

A receiver vessel layered with CaCO3 and water was prepared. To this
solution was added N 2O 4 The water temperature and pH were monitored and
the time and dilution necessary to safely dispose of given quantities of NZO 4

without seriously raising temperatures were determined.
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The receiver contained two liters of tap water, and 250 gm. of finelv
powdered CaCO3 was prepared. The CaCO3 was layered on the hottom to a /D
depth of 5mm. In a separate flask 25 ml. of N204 was placed. A 1/8'" glasg tube
was inserted into a rubber stopper which was fitted to the flask. The other end
of the glass tube was inserted into the receiver to a level just above the CaCO
(see Fig.31). The flask containing the N,O K was heated to 35°C with a water

274
bath and Nzo 4 vapor and liquid proceeded into the receiver for 15 minutes.,

3

The pH of the receiver solution dropped from 8.0 to 1.0 over this period
of time while the temperature varied slightly from 21 to 22°C. The bubbles of
N02-N20 4 were large, however, and a red cloud was observed over the receiver.
When the time of addition of N20 4 was increased to 0.5 hr, the amount of red

gas over the receiver was considerably diminished.

A second experiment (see Table XXIX) was conducted similar to the one
described with an important exception. Limestone chips 0. 75 inches in diameter

were used in place of the finely powdered CaCO3. The other parameters and
data were as follows:

Wt. of CaCO

X 100 g. , Q

vol. of 1120‘ 1.81

vol. of N20 4 added 25 ml.

Time 20 minutes
TABLE XXX

Addition of N204 to Water over CaCO3 Chips

Time Receiver

mins. pH Temperature Comment

0 3.5 21°C Contact of N?‘O4 vapor with water
10 1.0 21°C

15 1.0 21°C

20 1.0 21°c Vigorous COz‘ evolution

24 hr. 4.0 19°C End of CO,, evolution

2
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Figure 3L Addition of N

O4 to water over calcium carbonate.
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Again, large bubbles of NO,,—N,.,().l were observed and a small amount of

red gas (NO,) was observed over the receiver,

'The data indicated that a greater dissolution rate of N02—N20 4 would have
to be obtained before this disposal approach could be considered. Experiments
were therefore conducted in which the N,O, was delivered to the receiver using
spargers with 10 to 15 micron porosity, to facilitate the production of small
bubbles and thus allow a greater rate of dissolution. These experiments are

described in the following section.

,,
( ‘:
e
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V1. VAPOR PHASE ADDITION OF N204 TO HOLDING PONDS.
1. Introduction

The preceding section describes experiments which were only partially
successful because of limited dissolution rate. To improve on these results,
and also to test the validity of the thermal analyses of Section I. A of the
"Applicaﬁon Studies'* portion of this report, a laboratory scale model of a
holding pond disposal process in which N_O, is introduced as small vapor

274
bubbles was constructed.

2. Experimental Results

A 500 ml. r.b. flask was filled with 50 ml. of N204.

were inserted in a rubber stopper and the stopper in turn inserted in the

Two glass tubes

opening in the flask. These tubes were attached to two spargers (3 cm. in
diameter) containing fritted glass outlets. * These spargers were in turn
ingerted into a receiver bath containing two liters of tap water in a crystallizing
dish 10 cm. high and 19 ¢m. in diameter. Five hundred gms. of marble chips
were layered on the bottom of the crystallizing dish (Fig. 32). The N204 was
allowed to vaporize, pass through the tubes and spargers and into the water in
the receiving vessel. All 50 ml. of N20 4 Were added over five hours and the
pH dropped from 8.1 to 1.2 with essentially no change in temperature. At the
end of eight hours, the solution was essentially neutralized (Table XXX). In

the second experiment, the N O , was heated with a water bath to 35°C to speed

passage of N204 into the receziver. This time the pH changed from 8.1 to 1.1

in two hours and twenty minutes and again no rise in temperature was noted.

At the end of three hours and twenty minutes, the pH was neutral (see Table XXXI).
At no time in these experiments was a red gas observed above the liquid in the
receiver. Only clear bubbling 002 was observed. A third experiment was
conducted in which the marble chips were removed and 50 mls. of NZO 4 Was

added to plain tap water through the same previously described system. At room
temperature, the addition was complete in 400 minutes and the pH was less than

0. A slight rise in temperature was noted and again no red gas indicating NO2

was observed emanating from the water in the receiver flask (Table XXXII). A

fourth experiment was conducted in which a water bath at 35°C was used to heat

*
porosity M - 10-15 microns
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Figure 32. Laboratory model holding pond with vapor phase N20 4 addition.
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TABLE XXX

Addition of N‘,O4 Vapor to Water and Calcium Carbonate at Room Temperature

Time Receiver
Mins. pH Temperature Comment
0 S.1 23.5 Start
10 8.0 23.5 N02, N204 contacts water
in receiver
20 3.0 23.0 002 evolution starts
60 1.5 23.0
300 1.2 23.0 End of N,0, addition
480 6.6 23.5 End of CO2 evolution
] TABLE XXXI
Addition of N_)O4 Vapor at 35°C to Water and Calcium Carbonate
Time Receiver
Mins. pH Temperature Comment
0 8.1 23.0 Start
v - D) r
10 6.5 23.0 NOZ’ N204contacts water
in receiver
30 1.2 22.5 Co:2 evolution starts
60 0.8 22.0
120 0.8 22.0
140 1.1 23.0
200 7.1 23.0 End of 002 evolution



TABLE XXXII

Addition of N,,O4 Vapor to Water at Room Temperature

Time Receiver
Mins. pH Temperature Comment
0 6.5 23.5 Start
15 2.5 23.5
30 1.8 23.5
60 1.5 23.5
120 0.5 24,0 Receiver water has
blue tint
400 <0 25.0 End of NZO-} addition
TABLE XXXIII
Addition of N,0, Vapor at 35°C to Water
Time Receiver
Mins. pH_ Temperature Comment
0 6.5 23.5 Start
15.0 1.5 24
3.0 1.8 25
120 €0 26.5 End of addition of N,0,

O
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the flask containing 50 ml. of N,O,. This treatment resulted in a faster flow of
N‘,O‘ into the receiver vessel. The data are shown in Table XXXIII. Again, no
red gus indicating NO,, was observed above the water level in the receiver.

-

After completion of addition of N?‘O4 in these two experiments, cach
solution was neutralized with 500 ml. of 10% aqueous hydrazine. The results are
shown in Table XXXIV. During neutralization vigorous gaseous effluence was
noted but no brown gas was seen. After neutralization the solution had an amber

color.

TABLE XXXIV

. Addition of 105 Hydrazine Solution to 2.5% Aqueous Solution of N20 N

Experiment3 Experiment
Addition time 2,5 minutes 3.0 minutes
Temperature Increase 200C 259C
pH after addition 6.6 6.5
3. Discussion
It may be assumed that a 2.5% (vol. /vol.) solution of

N204 in water results in a solution of such high acidity as to pose a threat to the
eyes of any person in the immediate vicinity of such a holding pond. Dilution

would, of course, tend to neutralize but massive amounts of water would be
required. Therefore, a holding pond containing dissolved NZO 4 (actually HNO3

and HNO,)) would have to be almost immediately neutralized with hydrazine fuels

or anot.hg1' neutralizing agent such as limestone (CaCOs) in ofder to render the
solution innocuous. Using systems analogous to those devised in these experiments,

it should be possible to dissolve a large amount of N vapor in water in a short

(6)
274
period of time. Such dissolution is critically dependent upon the use of spargers

containing small pores.

These experiments show that it is possible to neutralize N,O 4 solutions
with hydrazines, generating at least 20°C of heat, but still cause no release of

any NOZ’

These experiments also show conclusively that inexpensive undissolved
marble chips can effectively neutralize N204 solutions in a relatively short period

of time.
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V1. OXIDATION OF DILUTED N‘,ll_I BY OZONE BULBLING

OBJECTIVE: To Study the Decomposition of N2H4 by Bubbling 0,; through
a Diluted Solution. )

1. Iniroduction

N2H4, being a strong reducing agent, is subject to easy oxidation
3). In dilute
solution the rate of reaction is controllable to prevent a runaway reaction

with an oxidizing agent. A powerful oxidant is ozone (O

either by limiting one of the constituents or by providing sufficient
dilution to dissipate the heat of reaction. Thus, a system like this was
thought to provide a possible waste fuel disposal method.

A search of available literature turned up no useful information. - D
Therefore, these experiments were set up to explore the effectiveness of )
this disposal method.

2. Procedure

A series of 9 test runs were made. Samples of dilute N2H 4 solution

were poured into 500 ml. gas bubbling cylinders provided with a medium

porosity gas sparger and a thermometer (Figure 33).

Dry O, from a commercial tank was piped through a flowmeter
(set at 15 SCFH) to the ozone-generating apparatus. The output was

bubbled through the N2H 4 solution for 1-2 hours. Small samples (5-10 ml)

were removed periodically and analyzed for residual N2H 4 The temperature

of the solution was measured at 5-10 minute intervals. The analytical
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method utilized p-DAB reagent as described in Appendix B. Ozone was
analyzed using the o-tolidine reagent method after establishing a

concentration curve.

Plots of the resulting data were made and are discussed
below.

3. Results . -

The concentration and temperature vs. bubbling time are plotted
in Figures 34 through 38. Ozone was added at a rate of 1.2 grams per

hour in all tests.

As shown in Figure 34, tests2, 3, and 4, approximately 0.5 %
N.,II4 is oxidized by O,g in a controlled manner within a 2 hour period

to about the 5 ppm concentration - a 99.9% reduction.

As a comparison, in test 5, a similar N2H 4 solution was reduced
by air bubbling to the 3825 ppm level - a 24% reduction. Evaporation
losses werc not determined, but they may be assumed to be nearly
identical for both set ups or slightly higher in test 5 due to initial

preheating.

In test 6, the ozonation of a preheated solution was only very
slightly less effective than in tests 1 through 4 - a 97.9% reduction in
110 minutes. This is opposite to the anticipated quicker reaction at
clevated temperature. ‘This result was probably due to the more rapid
disintegration (or lower solubility) of ozone in warm water. The shape
of curve 6 corresponds closely with the shape of curve 7, resulting

from a solution approximately 10 times stronger.

In Figure 35 are plotted the results of tests 7, 8, and 9 with
solutions containing higher N2H n concentrations. The curves do not
follow any particular pattern. There may be yet undetermined variables
affecting the ozonation. Alternately, the ozonator itself was mis-

behaving during these runs which may partly account for the variations.

In Figures 36 and 37 are plotted curves showing temperature
as a function of bubbling time. The temperature increases as reaction
proceeds, then levels off and finally drops when the N2H 4 is reduced to a
low level.
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Figure 34, Ozonation and air oxidation of NZH 4" fuel concentration
as a function of time.
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H4 Concentration ppm
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2

10°

Test 8
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Figure 36. Ozonation of relatively concentrated solutions of
N, H 4" fuel concentration as a function of time.
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™

Table XXXV lists the stoichiometric O, requirements of the nine

3
treated batches of N2H The correspondence of these figures with

e
the data of Figures 34 through 38 is established by the ozone flow rate,
which was 1.2 grams (1200 mg) per hour, Thus, in test 8 approximately
(5130 /1200) = 4.3 hours would be required to generate enough O3

to neutralize the initial N2H4 solution, if complete absorption ocurred.

Table XXXVI1 shows 03 concentration in distilled water after bubbling
for the stated times. These figures indicate (very roughly) the O3
concentration to be expected in the N, H

4
was in the 1 ppm range during the bubbling treatment.

solution. O3 concentration

4, Discussion

The objective of this study was accomplished. The results
show decomposition of NZH 4 by 0,4 is easily effected. For example,

the concentration of N,H, was reduced from 5000 ppm ( .5 %) to

274
below 10 ppm or lower within a short period of time (1-2 hours). '\')
Morc concentrated solutions (several () can be reduced to low levels
by allowing a longer treating period in order to control problems

associated with the heat of reaction.

'T'he gaseous output from the ozonator at the setting used was a

mixture of O, and O, in approximate ratio of 1 part O to 45 parts O,,.

The temperature of the reaction was monitored during a run and
the supply of O3 could be immediately reduced or stopped, if necessary.
Thus, reaction rate was controlled simply by limiting the supply of 03

bubbled into the solution. Due to the low capacity of the O, generator

(1.2 g/hr or .02 g/min ) the quantity of heat released wa.?; only
sufficient to raise the temperature a maximum of 28° C above the
ambient temperature in one run (Test 7). In no case did the temperature
rise above 49° C. In solutions containing approximately 0.5 % N2H 4
A T (the maximum temperature risc above ambient) did not exceed
10° C. Intests 7, 8, and 9 containing several % N2H4, AT exceeded

200 C as shown: ~)



Vol. of
Test # Solution
ml.

250
250
250
250
250
500
120
250
250

DN b

*

D W =3 SO e O
*

*Solution was preheated before introducing O

TABLE XXXV

OZONE REQUIREMENTS
(STOICHIOMETRIC)

Initinl N_H, Conctn.

“opin

5,150
5,150
5,100
5,100

5,070.

3,550
38, 250
42,750
37,250
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O3

Requirements
mg

620
620
610
610
810
856
2200
5130
4420

3-

Comments

Air Bubbling
High Vvol.
Low Vol. -
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TABLE XXXVI

CONCENTRATION OF O3 IN DISTILLED WATER

(Vol. = 250 ml)
(lab. ambient

temp.)
TIME OF O, CONCENTRATION

BURBLING O3 (A?vera.ge of 2 Determinations)

min. (PPM)

5 .69

10 .80

20 .71

30 . 60

40 1,12

Note: Lange's "Handbook of Chemistry" gives the following solubility data for
0, in H,0: 0.88 cc @ 0°C, Occ @ 60C.



Test # 2 3 4 4 7 8 9
atley ¥ 00 7% iV oast a6t 2

In the air bubbling cxperiment (I'est 5) which was preheated to ALSOC.

a hot plate was necessary to maintain temperature above 40° C.

In the chemical neutralization waste disposal methods utilizing
chlorine-releasing compounds, severe equipment corrosion problems
are often encountered. In all chemical neutralization methods the
reagent and operational costs are high, and environmental hazards
due to the quantities of reagent used might also be high. The 03
bubbling method may offer a distinct advantage and should be investigated
further.

The cost of generating Og for a small application is relatively high
but not prohibitively so. For a large application, the cost of supplying
03 would be somewhat higher than the cost of chlorine. Ozone is used in
Europe for disinfecting water supplies.

Although 0,4 bubbling runs were made only with N2 4’ the idea is
applicable to both MMH and UDMH, where the chemistry is not much
different. o

In summary, neutralization of N2H

method for disposal of waste N2H 4

4 with O3 appears to be a suitable

5. Conclusions

The following conclusions were drawn:
Q) 03 bubbling was effective in oxidizing a 0.5% N2H 4
solution to below the 10 ppm level within 2 hours.

(2) The temperature rise resulting from heat of reaction

was easily controlled by restricting the O3 supply to the
solution.

(3) The O3 bubbling method should be considered as having

potential application where chemical neutralization methods
are currently used.
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I. INTRODUCTION

The sceond category of studies undertaken in Phase 3 involved enginecring
analvsis and design considerations relating to the application of various disposal
methods. Some of these studies were related to certain particularly attractive
disposal methods, while others were concerned with specific disposal situations,

Among disposal methods, there was particular interest in oxidation ponds
and fuel-oxidizer reaction ponds, as both of these facilities were found in the
evaluation phase to be especially effective and economical means of disposing
of liquid propellants and scrubber discharge liquids without creating secondary
environmental hazards. Analytical and experimenial studies treated thermal
aspects of the diluted fuel-oxidizer reaction to aid in establishing design criteria
for actual ponds. Minor variations on existing neutralization methods - the use
of urea as a neutralizing agent for oxidizers, and of acetic acid to neutralize
the fuels - were investigated in conjunction with the thermal studies. Experiments
were also performed to establish design criteria for oxidation ponds, by
measuring hydrazine concentrations as a function of time in an aerated pond,
and by lpoking at the effects of copper and iron catalysts on these results. A
thorough study of the literature on bubble growth and detachment was undertaken
as a basis for aerator design - the effects of various materials and pore sizes,
the pumping requirements, and other important parameters were considered.
Scrubbers were studied in terms of establishing guidelines for selecting sizes
and flow rates, and particular attention was given to counter current scrubbers.
The question of HF removal from dilute IRFNA solutions, which was not
completely resolved earlier in the study (partly because of the current lack of
IRFNA disposal activities) was examined experimentally.

A number of specific disposal problems were also studied, including fume
hoods in which small assemblies containing residual propellants could be
disassembled, and systems for the remote dumping of hypergolic fuels from
drum-type containers. Facility location considerations for various disposal
situations, including considerations of alternate or contingent landing sites,
were treated.
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1. FUEL-OXIDIZER REACTIONS IN DILUTE SOLUTIONS

Several methods for the neutralization, dilution or decomposition
of hypergolic propellants involve the use of holding ponds. The advantages
of holding ponds include ease of construction, low installation cost and
ease of operations. Possible disadvantages include leakage from the pond,
which might contaminate local water supplies. Modern high performance
coatings or films will probably preclude leakage, subject perhaps to
periodic replacement, and might be required.

Questions of concern in the design of holding ponds include thermal
considerations: how rapidly can fuel and oxidizer be added to a pond without
causing pond temperature to rise to a point that would either be particularly
hazardous, or cause significant amounts of toxic vapors to be evolved.
These considerations are important in establishing minimum sizes of
ponds for various applications. The following pages describe three separate
studies that were carried out to provide answers to these and related
questions.,

A. THERMAL ASPECTS OF HOLDING PONDS

A small rectangular pond, 30 meters (100 ft) long, 20 meters (66ft)
wide and 1 meter (3.3 ft) deep, was arbitrarily chosen for purpose of calcu-
lations. The depth of one meter (3.3 ft) was chosen to avoid digging into the
water table. Also, it would allow anyone accidently falling into the pond to
easily walk out.

Construction of the pond consists of excavating a hole to the proper
dimensions and lining it with a suitable material, such as concrete and a

sealant, plastic, or stainless steel,

In the holding pond, fuel and oxidizer can be mixed in the proper
ratios to neutralize one another. The chemical reactions are exothermic
(heat given off) and the temperature of the pond will increase. The heats
of reaction for the various reactions of interest (for initial and final states

at Standard Temperature and Pressure) are as follows:
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N2H + 21*1202

4
NoH, *N,0, ’

CH3 N2H3 + 5H202 —_—

+ 92
CH3N2H3 + .,N204 —_—
(CH3)2N2H2 + 8H202 —
(CH:})2N2H2 + 3N204 _—

A, Transient Calculation

N2 + 4H20

N2 + 2NO + 21-1202

N2 + SHZO + CO2

3
3 N2 + 3NO + 002 + 3H20

N, + 12H,O +2002

2 2

2N, + 4NO + 4H,0 + 2CO,

153, 6 Kecal/male

85.9

345.5

218. 7

535.9

350.0

A temperature increase of 30° C was arbitrarily chosen for purposes

of calculation. If a large quantity of fuel and oxidizer is rapidly mixed in
the pond, assuming for the time being that there is no heat loss, the amount
of fuel plus oxidizer that would raise the temperature of the pond 30° C can

be calculated using the heats of reaction, pond dimensions, and heat capacity

of water to give the following results:

International Standard Units

3.75 x 103 Kg N2H4 + 7.85 x 103 kg HZO

6.50 x 10° Kg NH, +18.6x 10° Kg N,O

2.40 x 103 Kg MMH + 8.85 x 103 Kg H,0

3. 80 x 103 Kg MMH + 15.20):103 Kg N,,0

2.00x 10‘3 Kg UDMH +9.06 x 103

3.14 x 10° Kg UDMH + 14.5x 10° Kg N,0

b. Steady State Calculation

Next we consider the propellant flow rates necessar; to maintain

Kg HzO2

2

4 274

2

4

4

English Units

1.7x 10J gal NJH, +3.40 x 10

1.15x IOJgal MMH + 2.80x 103gal N

6.85 x 102g'al UDMH +1.75x103gal H

a constant temperature difference of 30° € between the pond and its surround-

ings. For steady state, the energy released by the reaction of the propellants

231

gal N

1.01x 103gal N,H, +1.52 x ;0"ga1 H,0,
3
0,
7.35 x 10%gal MMH + 1. 67x 10° gal H,0,

Oy

2

1.05 x 10° gal UDMH + 2. 64x 10° gal N,0,
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entering the pond will just equal the heat transfer from the pond to the
surroundings.

The heat transfer from a pond at temperature AT above ambient
is considered to be the sum of a convective part and a conductive part. The
conductive part is approximated by the conduction from a source of radius
equal to mean pond dimensions, on the Burface of an infinite half-space.
The free convection from the pond is assumed to be laminar for the sake
of obtaining a conservative result. Any heat flow due to the evolved
gases of the reaction leaving the pond has been ignored. This heat flow
may be significant; thus the calculation is conservative., The heat transfer
is' then 1

dQ _ dQCOND dQCONV

dt at + at

i

f (geometry) kAT + hA AT

] .25
1WkAT | . (AT AAT
1 L . )

r

L

i o

L+W

where r. = mean radius of pond = 5

r —% 0o .

The resulting rates at which the fuel and oxidizer can be mixed

in order to maintain a steaay state are as follows:

1. Eckert, E.R.G. and R. M, Drake, Heat and Mass Transfer, Second
Edition, McGraw-Hill, New York, 1959, Edf. 3-10
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International standard Units

1,22 :Tb N || 12,60 il;\:f ||2()2
2.10 75 N1 .02 B8N o
0.78 1EMMH + 2.99 £F H,0,
1.23 5 MMH + 4.93 2& N,0,
0.65 X% UDMH +2.96 58 1,0,
1.02 58 UDMH -+ 1.70 X N0,

It should be noted that these figures would not increase were the depth of the
holding pond increased, but would rise in almost direct proportion to the surface
area of the holding pond. Thus, the proportions of the pond will be determined by
its use: whether it is subjected to occasional large dumps or to a steady flow of

hydrazine fuels.
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English Units

4 B 5oy Bl
.c;l hl‘ N:l“l I e ]]l' II:_),()Z

5 gl : p__l-
.55 hr Nzll4 ti.1 oy N?.O-l

E_ gal
.23 MMH +.60 2= H,0,

gal gal
.37 hr MMH + .88 hr N204

gal gal
.22 B~ UDMH + .95 2= H,0,

.34 %%1 UDMH -+ . 84 &haLIN o,



B. NEUTRALIZATION OF DILUTED UYDRAZINES WITH DILUTED OXIDIZERS

OBJECTIVE: To observe the ATl (peak) on mixing hyvdrazines with oxidizers at
various concentrations.

1. Introduction

A brief series of laboratory experiments was run on the temperature rise involved
in neutralization of small quantities of diluted hydrazines with diluted oxidizers. The
concentration of reactants was from 1 to 20%. It was desired to determine if a pro-
hibitively high temperature rise occurred on mixing fairly strong concentrations. If
temperature rise was not excessivelyv high, it was reasoned that storage volume an(f
equipment sizes could be made smaller by designing for relatively high concentrations.
Selection of the highest concentration known to be safe will be helpful in choosing
the minimum size storage volume required for equipment or holding ponds for at

least partial self-neutralization. .

There probably exist many records in various labs on similar experiments,
but none were available to us when we sought them. It was decided that less time
would be spent in actually doing the work required than in asking for information

from a number of scattered organizations.

2. Procedure

Solutions of MMH, N_H IRFNA, urea and acetic- acid were prepared

oy N0y
in various concentrations. These generally included 20%, 10%, 7 1/2%, 5% and

1% by weight.

A volume of 50 ml of each reducer (MMH, N2H4 or Urea) was poured into a
beaker confined within a fume hood. The temperature of the solution was noted. The

entire measured volume of diluted oxidizer (N20 or IRFNA) corresponding to the

stoichiometric requirement was poured at once i:to the beaker. The beaker was
swirled by hand and agitated with a thermometer to mix the reactants. The peak
temperature attained was observed and recorded as AT (peak temperature minus
initial temperature). No allowance was made for heat absorption by the beaker or

heat losses to the atmosphere.
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3. Equations for the Reactions

The volumes of solutions used appear above each reactant.

50 ml 100 ml

: : + 3H,O
(CHy) Nylly + 2NO3 N,$ o snofr o T 3HyC

50 ml 136 ml
(CHy NHy + 2HNO, —» N, } + anof+ cozf + 4H,0

50 ml 144 ml
NH, + NO, —= N}+o2nots 2m0

274
50 ml 197 ml
. J ‘

NJH, + HNO, — 1/2Nyf+ 3Not + 3H,0
50 ml 79 ml
(NH,) CO + N,0, —> NHNO; + co,f + NzT

50 ml 54 ml

. RS 2
(NHy) CO + HNO, NH,NO, + CO, + 2NO

4. Resulls

Figure 39 shows the temperature rise encountered by intermingling stoichiometric
quantities of diluted solutions in a 500 m! beaker to approximately 100 to 250 ml
combined volume. In the stronger concentrations the AT exceeded 20°C. In the
lowest concentration the AT was from undetectable to 40C.

In comparing the AT of these reactions it is observed that NzH 4 yields a higher
A T with any of the oxidizers than does MMH. Also, with either hydrazine, N20 4

produces a higher AT than IRFNA. Agasin, N20 4 yields a higher A T with urea
than does IRFNA.
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The amount of gas cvolved was copious in reactions of N2()1 or IRI'NA with

cither hydrazine; more so with NZOI than with IR FNA.

There was considerable gas evolution in reacting N 2O 4 or IRFNA with urea,

) There was little or no gas evolved when reacting either hydrazine with acetic
acid (HAc), although some bubbles formed on the sides of the beaker after mixing,

The rise in temperature indicated chemical reaction.

Naturally, as weaker concentrations were mixed, there was decreased gas

evolution and lower A T.

5. Discussion

The practical application of these data point to the following possibilitics:

1. The relatively modestAT at 1 to 5% concentrations leads to the
possibility that diluted oxidizers and diluted hydrazine (up to 5% each) may be
indiscriminately mixed together provided they are mixed in an open svstem,
(Not in a closed tank where copious gas evolvement may induce high
pressures). A AT of 109C above ambient is not excessive. No fire or
explosion hazards would be created. There appears to be little danger of
thermal runaway reactions occurring. Such a statement applies as well to
larger volumes than those used in the lab tests.

Application of this information can be made to the design of holding ponds
and open containers. One pond may serve for disposal of both types of wastes -
h ydf;;nes and oxidizers. Utilizing the dilution feature, one pond can

accommodate wastes of any concentration.

2. The AT on mixing 7 1/2 % concentrations varies from about 20°C for
the hvdrazine/oxidizer combination to about 3°C - 129C for the urea oxidizer
and hvdrazine/acetic acid combinations.

3. For concentrations 10% or 20% the A T will be from 10°C to 27°C
or higher if mixed at once. Direct mixing of hydrazines with oxidizers should
be prohibited at such high concentrations except under carefully specified
conditions by experienced personnel. —

4. Mixing of one diluted hydrazine with another diluted hydrazine is
believed to be feasible (or one type diluted oxidizer with another type diluted
oxidizer) without involving hazards. (Such feasibility was not demonstrated

in this study).
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H. 1 one reactant is in excess, the resulting A1 will be lower than that

shown in Pigure 39. The stoichiometric casce is the worst,

6. After the initial gas evolution is completed for the main reaction,
additional gas evolution continues in some cases due to completion of side
reactions. Therefore, storage of mixed hydrazines/oxidizers is unsafe in
closed systems for an undetermined period of time. No unsafe condition exists
for storage of mixed wastes in open containers or ponds, except for the usual

toxicity of reaction products such as NO3

6. Conclusions

1. This work was of an exploratory nature to determine AT obtained
on mixing various combinations and concentrations of hydrazines and oxidizers,

and of hydrazines with acetic acid and oxidizers with urea.

2. From these data, suggestions were made regarding the possibility ":)
of reducing the size of storage facilities for wastes by permitting mixing of

concentrations up to 5% of fuels and oxidizers.
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C. NEUTRALIZATION OF 5% HYDRAZINE SOLUTIONS USING VAPOR PHASE
NITROGEN TETROXIDE

Holding ponds have been considered as methods of disposal for both hyvpergolic
fuels and oxidizers. To determine the feasibility of this disposal system if N204
NO2 vapor is introduced directly into the holding pond, the following experiments
were conducted.

A one liter solution of hydrazine NHZNH2 (5%) was prepared. The temperature
was 27°C and the pH was 11.1. Fifty ml. of N204 was distilled into this solution
through a sparger over a three hour period. The temperature rose to 32°C and a
final pH of 7.7 was obtained, as expected since the hydrazine is in excess (mole
ratio hydrazine to N204 is 1.7 to 1). No red NOZ vapor was seen over the receiving

solution.

A similar experiment using MMH was conducted. A 5% MMH solution was
prepared (pH 10.5, temp. 28°C),50 mls. of N204 were added over a two hour period
and the temperature rose to 39°C while the pH declined to 7.2. The mole ratio of
MMH to N204 in this case is 1.1 to 1. Again, no red cloud was observed.

It is concluded that disposal of vaporous N20 into dilute hydrazine solutions

4
seems to be a safe and effective method of disposing of both these hypergols.
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III. AERATION PONDS FOR HYDRAZINE |

In the portion of this report concerned with "Evaluation of Current Disposal
Methods, "' we discussed the reaction of fuels and oxidizers with various
neutralizing reagents. All of these chemical methods are expensive, and
involve secondary disposal problems in that non-toxic but environmentally

hazardous compounds are infroduced in large quantity.

It is partly for this reason, and partly for the purpose of evaluating new or
lesser known methods of waste propellant disposal,that the air oxidation method
was investigated. The objectives were additional familiarity with the method, and

establishment of various design criteria and guidelines.

Visits by study personnel were made to the Western Test Range at Vandenberg
Air Force Base, Johnson Space Center, and White Sands Proving Ground to observe
existing oxidation ponds first hand and talk with engineers responsible for their
design, maintenance and operation. The only operational aeration pond was at Johnson
Space Center, where a very large flow of air is introduced through two H-shaped
manifolds at the bottom of a fairly deep concrete holding pond. The bubbles
generated are quite large, and result in a g'eneral roiling motion of the central part t.:)
of the pond and visible circulation throughout most of the pond. At the Western
Test Range, a spray pond has been consiructed for experimental purposes, and one
batch of hydrazine has been oxidized in the pond for data collection purposes.
Oxidation ponds at White Sands Proving Ground are essentially untreated holding

ponds, with air oxidation taking place naturally at the surface but no aeration.

Measurements at both Western Test Range and Johnson Space Center show
that during aeration a period of time passes in which dissolved oxygen levels in the
water increase, but there is no significant reduction in hydrazine level; this period is
followed by a reduction in hydrazine content once the dissolved oxygen
reaches saturation.

Operating experience at the one operational holding pond has apparently heen
quite satisfactory. It should be noted, however, that very little hydrazine disposal
has taken place at JSC during the time (several months) that the aerator has been
installed in this pond. The primary reason for installation was to provide a means
of quickly oxidizing the hydrazine in case of emergencies - the need for pumping

water from the pond to prevent overflow during very rainy weather, for example. RN
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Starting with a 300 ppm N2H4 concentration in 0.5 million gallons of water, the
hydrazine concentration can be reduced to 5 ppm in about twentv hours, with most of
the reduction occurring in the last two to three hours. The addition of copper

sulfate or iron oxide as a catalyst contributes to the speed of oxidation.

In the experiment at WTR, mixed hvdrazine fuels were added to 50, 000 gallons
of water to a level of 120 ppm, with 0.2 mg/] copper ioa as catalyst. The mixture
was then sprayed into the air at a rate of 60 liters per minute for eleven days,
achieving dissolved oxvgen saturation, and allowed to sit. The hydrazine disappeared
slowly thereafter, with oxidation essentially complete after another nine davs. There
was no significant emission to the atmosphere - only trace amounts of UDMH could
be detected at a point six inches above the pond surface, except for one 6 ppm reading

made thirty minutes after hydrazine transfer to the pond.

With these results in mind, a series of experiments was conducted to look
at the effect of various parameters on the speed and cost effectiveness of hydrazine
oxidation by air bubbling. In addition, a thorough review of bubble formation, growth

and detachment was carried out, and past experiments and analyses of bubble rise
velocities were reviewed.
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A. AIR OXIDATION OF DILUTED FUELS WITH OR WITHOUT CATALYSTS

1. Procedure

Two 10 gallon aquariums were half-filled with tap water. Measured amounts of
N2H 4 °T MMH were added, up to approximately 925 ppm. Either CuSO 4 OT Fezo3
or both were introduced as catalyst in the desired quantity. Three spargers
located near the bottom of each tank were connected to the pressure end of a Gast
pump to provide agitation. Air flow was approximately 2 1/min through each
sparger. Residual concentration of material was determined daily for run durations
of 1 to 9 days. The tanks were loosely covered with aluminum foil to minimize

evaporation losses.

Analysis of the hydrazines was performed using p-dimethylamino benzaldehyde
(sce Appendix B). Chlorine demand, pH and dissolved oxygen measurements were

performed in a few cases.

2. Results

Tests 1 and 2

Figure 40 shows that the rate of decomposition of N2H 4 is considerably higher
++
when using . 02mg/1 Cu catalyst than without the catalyst. Without the catalyst the

oxidation of N2H
in the tank.

4 proceeded slowly in spite of ample air bubbling and good agitation

Test 3

Figure 41 shows that the Fe O,g catalyst is not as effective in increasing the

2

rate of N2H n decomposition as the Cu catalyst.

Tests 4 and 6

Both tests show a rapid decomposition rate, starting with over 300 ppm N2H 4
and being reduced to 1 ppm in one day.

Test 5

The curve shows rapid decomposition of N2H 4 in the first day. The run was

discontinued when the air hose disconnected during the run.
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Test Conditions:
Air Flow,as6 1/min.
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-
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-

Time in Days

Figure 40. Air oxidation of N,H , Tests 1 and 2.
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Discontinued

Test Conditions:
Air Flow, 61/min per tank
Temperature 21 1 190C
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Test 3, .1 mg/] Fe,0,

After 5th Day added .2mg/1 Cu*

Test 4, .2 mg/l Fe

.2 mg/l Cu
Test 5, .01 mg/l Fe,O

.1 mg/l Cu
Test 6, .2 mg/l Fe,
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* CuSO_f'- Cu *tion

203
3

Oy
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Figure 41. Air oxidation of N2H 4 Tests 3 through 6.
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Tests 7 and 8

Figure 42 shows that the decomposition of N H was rapid when using either
Cu or Cu/Fe catalysts. ‘The test was not conclusw«, in deciding on the more cfficient

catalyst.  Almost complete disappearance of N,H . occurred after 2 days of air

24
treatment with either catalyst, starting with high concentrations.

Tests 9a and 9b

Figure 43 shows high rates of decomposition of the hydrazines. The MMH
decomposes more slowly than N,H 4

3. Discussion

Tests 1 and 2 demonstrate the advantage in using a catalyst to hasten decomposition
of N H

In Test 3, the Fe203 was insoluble and most of it settled to the bottom of the tank.
Therefore, contact opportunity was considerably lessened. This fact may account

for the rela.txvely lower decomposition rate of N2H 4 in this run.

Tests + and 6 are exceedingly interesting due to the very rapid decomposmon
rate demonstrated. Given a large enough pond to effect sufficient dilution, with
adequate air bubbling capacity, it is conceivable that waste N H /MMH can be
cconomically oxidized within a few days in an envxronmentally acceptqble manner,
Economical operation is expected as a result of low maintenance and equipment
costs, few chemicals, and low labor requirement, The products are mostly N2
with traces of NH3 or other gases. The pond water can be reused and evaporation
losses made up if rainfall is insufficient. The contained Cu ion will act as an

algaecide.

An odor of NH3 or amine was noticed in the vicinity of the tank for 1 or 2 hours
after adding hydrazine. No air sample was taken to ascertain the presence and
quantity of N2 4 above the liquid surface.

It would have been desirable in these runs to determine the N2H 4 €vaporation
losses. The water losses were made up by adding about 200 ml H 50 every other
day. Evaporation losses may have been significant due to the large volume of air
¢~61/min per tank) being bubbled continuously into the solution. The purpose ia using

the high volume of air was to preclude oxygen starvation during the oxidation stage.
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Figure '43. Air oxidation of N,H, and MMH, Tests 9a and 9b.
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The chlorine demand, which corresponds roughly to the amount of hydrazine
in solution, was measured, with results in good agreement with the other

measurements,

4, Conclusion

A catalyvtic - air bubbling method has been demonstrated for
destruction of up to 900 ppm hydrazines within a total elapsed time of
two days.

Recommendation

(7]

A comprehensive study of the catalytic - air bubbling method should
be made to thoroughly investigate and obtain adequate cost figures, pollution
data and operating procedures. Design parameters including aerator hole
size and catalyst quantities should be optimized.
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Be A DISCUSSION OF AIR BUBBLE GROWTI, DETACHMENT, AND RISE

1. Introduction

Engineering design considerations of aeration ponds must depend to a
considerable extent on the size of bubbles formed. The purpose of this report is
to present briefly the existing theories of bubble formation, growth, and detachment,
and of the rise of small bubbles through bodies of liquid.

For simplicity, we will begin by considering the formation of a bubble resulting

from the introduction of air (or other gas) very slowly through a single, isolated,
small hole. "Small" will mean smaller than the base of the bubble at the instant

of detachment. If the hole is located in a horizontal surface, a side view of the

bubble will be somewhat as shown below:

Liquid

| s /fo -
S ///i]V//// S

The Z-axis is an axis of symmetry. The contact angle, &, is defined as the angle
between the solid boundary and the tangent to the bubble surface at its intersection
with the solid boundary. The "base' refers to the portion of the bubble bounded by
the solid surface rather than the liquid-vapor interface. In the case of static
equilibrium, the bubble is subject to two external forces: the resultant of hydro-
static pressure on the water-air interface and air pressure on the base of the
bubble, which is a buoyant-like force acting to remove the bubble from the surface;
and the resultant of surface tension at the solid-liquid-gas intersection, acting to
hold the bubble on the solid surface.
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Simplified solutions based on assumptions regarding the bubble shape are / w
tempting, but generally of little value and in fact simplified models are usually ’
self-contradictory. One complication is the fact that Archimedes' Principle does
not apply, since hyvdrostatic pressure does not act on all parts of the bubble
surface. Therefore the relationship of base area to interface area and orientation,
and the interrelationship of both with contact angle, is important. Considering
that the liquid-gas interface in the vicinity of the solid surface becomes quite
distorted just prior to detachment of the bubble, it is easy to understand why
simplified models have not been successful in predicting the volumes of bubbles
leaving solid boundaries.

This problem is an important one in boiling heat transfer, and at least in
the static equilibrium case straightforward solutions exist, as discussed in the
following section. In the case of aeration, considerations of bubble size are
important in various ways.

1. The ratio of bubble surface area to volume is inversely proportional

to diameter for similarly shaped bubbles, so that smaller bubbles have

relatively more area for the air oxidation reaction to take place. -

2. The air pressure in the bubble is inversely proportional to the D

curvature of the surface, and hence to diameter for similarly shaped

bubbles, so fhat pumping requirements per unit volume of air in the pond

are higher for smaller bubbles.

3. Assuming that the air always reaches pond temperature prior to

leaving the aerator, the density of the air in the bubble is linearly pro-

portional to the pressure, and hence inversely proportional to diameter,

so that surface area per unit mass of air in the bubble is independent of

size, and pumping requirements per unit mass of air or per unit surface

area are higher for smaller bubbles (even more so if the smaller orifices

required for the smaller bubbles are taken into consideration.)

4, Smaller bubbles rise more slowly through the pond, as discussed in a

later section, and hence there is more time for the reaction to take place.

5. On the other hand, both the faster motion and larger size of larger

bubbles help generate circulation in the pond, bringing the contents of the

pond into contact with the air bubbles sooner and more frequently.

It therefore seems apparent that there is no obvious, easy answer to the )

question of best bubble size. A careful, detailed optimization would have to be
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performed, in terms of pond depth and other pond parameters. An exception
would be a case where the bubbles contain N20O4 or other toxic vapors, so that
the only important consideration would be complete reaction prior to the bubble
reaching the pond surface, and the choice of the smallest feasible bubble size is
clearcut.

2.  Analysis

The preceding scction discussed the need for applying force equilibrium
considerations at all points of the bubble surface, rather than trying to assume
a shape and apply an overall force balance. Performing a force balance on a

surface element results in the capillary equation1

l+sin =g_g!/’1'f!} 7 (1)
R X b T«

where

X, Z are coordinates as shown in the sketch of the preceding section

R, ::iTQ are principal radii of curvature, R in a plane containing the
axis of symmetry
¢ isfhe angle which the perpendicular from the interface makes with the
axis of symmetry, measured from the apex (§ = 0atX=10,Z2=0)

b is the radius of curvature at the apex (origin)

V4T ,2 are the densities of the gas and liquid, respectively

0° is the surface tension at the interface

g is the gravitational acceleration

This equation has been treated by many authors, with most modern work
patterned more or less after the work of Bashforth and Adams, whose
book? reported the results of numerical calculations dating
from 1855 (all by hand, supported by a 50 pound grant from the Royal Society ).

1A detailed derivation, including more generality regarding orientation of
the solid surface relative to gravity, has been presented by B. K. Larkin,
"Numerical Solution of the Equation of Capillarity, ' Journal of Colloid and
Interface Science, Vol. 23, pp. 305-312 (1967).

2Bashfori:h, F. and J. C. Adams, An Attempt to Test the Theories of
Capillary Action. University Press, Cambridge, England, 1883.
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This work is also believed to be the first application of Adams' predictor - ,.)
corrcctor method, a numerical technique that is still useful for certain types
of problems. In essence, their work amounted to .stnrting at the origin and
numerically calculating the shape of a surface for a given value of b and the
dimensionless constant
L2 -L1y, 2
B= g = b .
The results were families of possible surface shapes for each value of @
considered. Boundary conditions would be applied by truncating a curve at
a point where its slope corresponds to the desired contact angle.
These results were applied by Wark3 to the specific calculation of sizes
and shapes of air bubbles in water at 20°C. Of even more interest for our
application is the work of Fritz4, who developed a technique for using the
Bashforth and Adams results to find the maximum (detachment) sizes of bubbles
as a function of contact angle and capillary constant. Fritz's results are
reproduced directly in Figures 44 and 45 below. In Figure 44, the capillary
constant is : ® \)

a =2
=7

and in Figure 45,Curve 1 is the case of primary interest here, air bubbles in

water at 20° C.

3Wark, I. W., "The Physical Chemistry of Flotation. I: The Significance
of Contact Angle in Flotation." Vol. 37, p. 623 - 644, (1933).

4Fritz, W., ""Berechnung des Maximalvolumens von Dampfblasen'
("Calculation of the Maximum Volumes of Vapor Bubbles'). Physik. Zeitschr.,
Vol. 36, pp. 379-384 (1935).
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Figure 44. Fritz's dimensionless presentation of the maximum volume
Vmax as a function of contact angle.
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Abb. 6. Maximalvolumen von verschiedenen Gas-

und Dampfblasen. Kurve 1: Luftblase in Wasser

von 20°(; 2: Wasser-Dampfblase 1,03 kg/cm?;

?): Wasser-Dampfblase 50 kg/cm?; 4: Wasser-

ampfblase 100 kg/cm?; 5: Quecksilber-Dampf-

blase 1,03 kg/cm®; 6: Tetrachlorkohlenstoff-Dampf-
blase 1,03 kg/cm?,

Figure 45. Maximum volumes of various gas and vapor bubbles, from
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Maodern investigators have ased the digital computor o extemnd rite's
rosults to other cases, and in the procesas have veritied the validity of the
I'eitz and Bashforth and Adams calculations,  In particular, Larkin® has
devcloped a method of solution for nonaxisymmetric surfaces and gravitational
accelerations that are arbitrary in both direction and magnitude, and Concus®
has described liquid - gas interfaces in right circular cylinders. This last
case might be applicable in the case of aerators with larger orifice sizes,
since the interface inside the circular orifice might be of primary interest.

3. Discussion
The results above show that small bubbles result from small values of

either surface tension or contact angle - given of course, the essential pre-
requisite of a small pore size relative to the size of the bubbles being formed.
Surface tension is a temperature-dependent property of the water-air
system, but surface tension modifiers-detergents, for example - are readily
available for water. The effect of these ""surfactants" is to reduce the surface
tension. Their effect on newly forming surfaces is unknown, however, at
least to the present author. Contact angles, on the other hand, can be varied
over a wide range.

The contact angle is a temperature -dependent property of a solid-
liquid -gas system. Current knowledge of contact angles is due, in large part,
to the work of William A. Zisman and various coworkers over a period of

many years. Their results were summarized by Zisma.n7 in 1964. One simple

-
‘)Op. cit. See also MeGrew, J. L., and B. K. Larkin, "Cryogenic

Liquid Experiments in Orbit, Vol. II: Bubble Mechanics, Boiling Heat Transfer,

and Propellant Tank Venting in a Zero-Gravity Environment. " NASA CR-652,
December 1966.

6Com:us, P., "Static Menisci in a Vertical Right Circular Cylinder. "
J. Fluid Mech., Vol. 34, pp. 481-495 (1968).

7Zisma.n, W. A., '"Relation of the Equilibrium Contact Angle to Liquid
and Solid Constitution, in Contact Angle, Wettability and Adhesion." Advances
in Chemistry Series 43, R. F. Gould (Ed.), American Chemical Society
Applied Publications, 1964, p.1.
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expression for contact angle that resulted from this work has proven useful

in a great many cases:

08 @ -k - ‘
cos I -k (0 G‘v), 3

where k and 5; are cmpirical constants, 0'; being named the ''critical surface

tension" of the solid surface by Zisman. G is the actual surface tension of the

liquid-gas interface. If 0 ¢ % , the contact angle is near zero, (There is some

question whether a true zero contact angle can exist.) Solid surfaces are
characterized as being 'high energy' or "low energy" according to whether
their critical surface tension values are high or low, respectively. In general,
metals are high energy surfaces, while the lowest values of G are associated
with highly fluorinated organic polymers and other organic compounds made

up largely of CF, and CFg groups.

To achieve small values of @, then, it is apparent that metallic surfaces
with large values of & are desirable. In the case of water, however, there is
a particular problem that has been noticed by most researchers concerned with
liquid surface phenomena. .

Because of the unusually high surface tension of water, the contact
angle between a water - air interface and a metal surface fluctuates over a
wide range, as indicated by equation (3) when the term in brackets becomes the
difference between two large numbers. An additional aspect of this problem is
discussed by Frohnsdorff and Tejada8 in the following terms:

"The measurement of the true contact angles of high surface
tension liquids such as water on high energy surfaces such as

metals is difficult because of the strong tendency of the metals to

adsorb organic vapors. Even a small fraction of a monolayer of

organic molecules appears to be sufficent to increase the contact
angle of water on many surfaces..."

Perhaps the first extensive treatment of this problem was that of Trevoy
and J ohnson9 in 1958. It became very much a problem in connection with the

zero-gravity experimentation of the early 1960's carried out in support of

8Frohnsdorff, G., and S. B. Tejada, ""Measurement of Contact Angles
and Evaluation of Surface Coatings.' Final Report, Contract NAS3-13725,
NASA lewis Research Center. NASA CR 72975, August 1971.

9Trevoy, D. J., and H. Johnson, Jr., ''The Water Wettability of Metal
Surfaces.' J. Phys. Chem., Vol. 62, p. 833 (1958).
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spacecralt propeliant tank design elforts, and as a vesult the Lewis Researveh
center funded an extensive evatuation of procedures for eleaning metal surfaces
to obain "true' contact angles in Laboratory work 'l The conclusion was that
the best procedure was vapor degreasing followed by immersion in an alkaline
cleaner and thorough rinsing with water.

For cooling pond applications where small bubbles are desired, it seems
likely that some benefit could be derived from using metal pipes for the actual
aerator, degreasing them prior to installation, insuring that they remain sub-
merged in a somewhat alkaline pond, and installing an oil trap on the com-
pressed air line. For the sake of computation, however, it is probably best to
assume the worst, which is probably a contact angle on the order of 800 to 100°.
Contact angles reported by Frohnsdorff and Tejada for water at 20°C on cleaned
and polished metal surfaces range from 8° to 12° for copper and aluminum

surfaces, 16° to 20° for stainless steel.

4, Larger Orifice Sizes

One assumption in our discussion thus far has been an aerator orifice

size much smaller than the bubble size. Curve 1 of Figure 48 shows that, at

3

6 = 1009, the maximum volume is about 90 mm®, corresponding to a sphere of

5.5 mm diameter. Hence this size bubble would not be expected to

. emanate from orifices larger than about this size. In the case of smaller

contact angles, the restriction on hole size would be more severe.

If we consider the air hole to be sharp-cornered as shown in the sketch
below, the contact angle ceases to be the controlling boundary condition if the
interface is attached to the edges of the hole. Rather, the hole diameter pre-
dominates. A meaningful analysis would probably have to follow an approach
similar to Fritz's, seeking in this case the largest member of the family of
curves that can be spanned by the orifice diameter, rather than the largest
member that will allow the requisite contact angle to be realized. (Note that
the interface remains attached to the corner as its orientation changes through
90¢, for constant contact angle.)

10Schwartz, A. M. and A. H. Ellison, "The Effect of Stirface Contamination

on Contact Angles and Surface Potentials.' NASA CR 54708, 19686.
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Without attempting to actually solve the problem, we may surmise the

following. If the hole is considerably smaller than the maximum bubble

diameter as calculated by Fritz, the bubble will reach the fop of the hole,

grow for a period while attached to the corner, and then spread across the

horizontal surface as shown in the sketch at the beginning of this report. For :)
increasingly larger hole sizes, a point is reached for which the bubble grows

to Fritz's maximum volume while attached to the corner, and hence cannot

spread across the horizontal surface but detaches instead. For still larger

holes, the bubble probably grows on the corner to a value somewhat greater

than Fritz's maximum volume and detaches. As hole size increases, however,

a point is reached for which a stable interface inside the hole is impossible.
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This tast case is entirely analogous to the well-known experviment in which
water is picked up in a soda steaw elosed at the top by one's linger. The water
in the straw is supported by air pressure, but only because the lower aiv-water
interface is stable. The experiment cannot be repeated with a larger diameter
tube, even though air pressure is cqually capable of supporting the water,
because of instability of the lower interface. It is also entirely analogous to
the problem of liquid propellants in cylindrical tanks under low-gravity conditions,
and hence the solution is by now well-known, and experimental verification is
abundant.

The first comprehensive analysis was that of Reynolds, Satterlee, and
Saadlls 12, 13 regults of which are presented in Figure 46, The dimensionless
parameter_g ng/é‘ is known as the Bond number;/ replaces the (p 2= A1)
density difference of earlier pages since L 4‘/2 in most cases of interest.
The critical Bond number for €-1000 is 3.33, giving a critical diameter of
10.0 mm, compared to Fritz's maximum bubble volume of 90 mm3. The
difference is more striking at smaller contact angles. At 500, Fig. 45gives
a maximum volume of 11.7 mm3, corresponding to a sphere of 2.8 mm

diameter; the critical Bond number from Figure 46is2,73, giving a critical

_ hole diameter of 9.0 mm.

The conclusion is that these larger holes will produce larger bubbles
up to the point where the hole diameter reaches the critical value calculated
from the data of Figure 46. For holes larger than this critical size, the aerator
will presumably produce bubbles whose size is governed by other factors
besides hole size - flow rate and tube dimensions, for example - with a good

likelihood that bubbles smaller than the opening size will be produced.

11Satterlee, H. M. and W. C. Reynolds, "The Dynamics of the Free
Liquid Surface in Cylindrical Containers Under Strong Capillary and Weak
Gravity Condijtions." Tech. Rept. No. LG-2, Dept. of Mech. Eng., Stanford
Univ., May 1964.

121'{9,\/nolds, W. C., M. A. Saad and H. M. Satterlee, '"Capillary
Hydrostatics and Hydrodynamics at Low-g." Tech. Rept. No. LG-3, Dept.
of Mech. Eng., Stanford Univ., May 1964.

13 Reynolds, W. C. and H. M. Satterlee, "Liquid Propellant Behavior
at Low and Zero g.'" Chap. 11 in The Dynamic Behavior of Liquids in
Moving Containers, H. N. Abramson, ed., NASA SP-106, 1966.
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Figurc 46.
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5. Dynamic Effects .

So far, we have assumed that static equilibrium conditions prevail at
the time of bubble detachment. If the bubble grows rapidly, dynamic effects

can be important in three wavs.

1. If the bubbles leave the aerator as a closely-spaced stream, due
to rapid growth and detachment, they generate liquid motion away from
the aerator in the vicinity of the bubble source. This liquid motion then
tends to sweep newly-formed bubbles off the aerator surface before they
reach their static equilibrium maximum volume.
2. The growth of the bubble itself might generate liquid motion away
from the wall. If the volume changes linearly with time, then the linear
dimensions of the bubble change rapidly at first, more slowly as time
goes on. Therefore in the early stages of bubble growth, the rapid
motion of its top surface away from the wall can generate liquid motion
that then tends to drag the slowly growing bubble in a later stage of
development off the wall. ‘
3. Contact angle in the dynamic case is known to be a function of the
velocity of the contact line, and also differs depending on whether the
contact line is moving toward (advancing) or away from (receding) the
gas phase - a phenomenon known as contact angle hysteresis. Investigations
of dynamic contact angles to date have all been concerned with advancing
contact angles, as far as we know, whereas the receding contact angle

- is the important one in the case of a growing bubble. The velocity
dependence was demonstrated experimentally in 1962 by Rose and Heinz“,
who considered flow over a dry surface. The problem was then taken up
by Friz-15, who analyzed the advance of a liquid over a previously-wetted
surface. The numerical results led to the conclusion that contact angle

depends on contact line velocity U, according to
- 1 1/3
U

tan & 3.4( o

14Rose, W. and R. W. Heinz, "Moving Interfaces and Contact Angle Rate-
Dependency." J. Colloid Seci., Vol. 17, pp. 39-48 (1962)

15Friz, G., "Uber den dynamischen Randwinkel im Fall der vollstindigen
Benetzung. " Zeit fur angew. Physik, Vol. 19, pp. 374-378 (1965).
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M being the \viscosity, Ellison and ']‘oj:ldn“’ performed 2 series of
experiments in which liquid advanced over a dry surface, and coneluded

that in this case the data could be correlated by the relation
1/3

6 Atanh €Uy by, ",
A, C, and D being empirical cocfficients. The Friz equation was found
to give poor agreement with their results because of the difference in
initial conditions. A set of experiments in which the situation analyzed
by Friz was carefully reproduced was carried out by Coney and Masica17,
who concluded that the Friz equation "is adequate." The results are
shown in Figure47; the slight trend toward higher contact angles than

predicted was thought to result from experimental error.

In summar_v', it appears that dvnamic effects will result in smaller bubbles
than predicted by static equilibrium considerations, except possibly for a
dynamic contact angle effect in the case of rapidly growing bubbles. Even
here, it is likely that just as advancing contact angles increase with velocity,
receding contact angles should decrease with velocity, which would also result
in smaller bubbles leaving the aerator. '

6. _ Other Effects
In summary, we first considered the static equilibrium of a bubble assuming
the hole to be too small to be a consideration, then looked at the effects of

larger holes, defining essentially three regimes - hole too small to be

significant, hole-dominated, and hole too large to be significant - and finally

proceeded to consideration of dynamic effects. Of the other effects that might

be important, the most significant is the proximity of other bubble sources,

since we have always considered bubbles emanating from single, isolated sources.
Other nearby bubble sources can have at least two effects. By adding to

the vertical fluid motion in the vicinity of the aerator, they tend to reduce the

bubble size still more as bubbles are pulled away from the surface before

16Ellison, A. H. and S. B. Tejada, '"Dynamic Liquid/Solid Contact Angles
and Films on Contaminated Mercury." NASA CR 72441, July 1968,

17Coney, T. A. and W. J. Masica, "Effect of Flow Rate on the Dynamic
Contact Angle for Wetting Liquids.' NASA TN D-5115, March 1969.
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vonching theiv static oquilibrivm maximum size. On the othor hand, if the /j
sources ire very close there is a possibility of bubble coalescence, resulting in
larger bubbles than predicted.
The potential energy associated with the surface of a free bubble is 6~ A,
the product of surface tension and surface area. If two spherical bubbles.each
of radius Rj,coalesce to form one bubble of radius R,, conservation of mass

for the air within the bubble requires -

3 _ 3
21 R = /2Ry

and, if we assume the process to be isothermal, the ratio of densities will equal
the ratio of pressures,

A2 p
1 pa + Zf/Rl

vielding

1/3
R2 = Rl (2 pa+ 1

p, * 2°7R2 (D

The limiting cases, (pale)-yo and (P R, /& )= oo yield the result

and hence if we compare the initial and final potential energies,
' 2

&

_ N 2
P.E.l» 2(4t|'R1 b1 P.E.Z-»4ITR2 G |,
the result is

2—1/3_4 P.Eo, o,
PoE.l -

The conclusion is two-fold. First, two bubbles that come into contact
with each other will always tend to coalesce because of the resultant decrease in .
potential energy. Second, the resultant bubble will be at least twice the volume
of each original bubble, and perhaps as large as 23/2 = 2,83 times the volume of
each original bubble. .
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o 7. Bubble Rise Velovitios

Onee the bubble detachos [rom the acrator surlace it rises through the pond
at a veloeity dependent on the size of Lthe bubble. ‘The study of bubble rise
velocities was especially active in the 1950's, with particularly significant
papers being those of Haberman and Mortonl8 (experimental) and Moorel®
(theoretical).

Bubble rise velocity was found to depend on Reynolds and Weber numbers,

R=2r, U p/0T
W=2r, U 2 f/q—
and also on a third dimensionless parameter, M, defined as

M= g/-J‘// e ’

where
r, = equivalent bubble radius, T, = (3V/4 T )1/3
U = terminal velocity
= 7 = liquid density -

M = liquid viscosity
¢ = surface tension
g = gravitational acceleration

A quote from Moore will serve to summarize the Haberman and Morton
results very concisely:

"For low M liquids (M (10-8) the terminal velocity at first
increases rapidly as r, increases, achieves a maximum and after falling
to a minimum rises gradually again. For high M liquids (M )10‘3), the
terminal velocity increases steadily with Tes though the rate of increase
falls off at a fairly well defined value of r,.

18Haberma.n, W. L. and R. K. Morton, David Taylor Model Basin
Rept. No. 802, 1953.

’ 19Moore, D. W., "The Rise of a Gas Bubble in a Viscous Liquid." J.
C Fluid Mech., Vol 6, pp. 113-130 (1959). T
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"For low M liquids the shape is at first spherical, then increasingly

oblate, then, at about the radius corresponding to the maximum velocity,
the shape fluctuates rapidly about an oblate form until, for very large
values of Ty the bubbles attain a striking umbrella shape which is quite
steady at its frontal surface though the rear of the bubble fluctuates. -
These spherical cap bubbles were the subject of an important investi-
gation by Davies and Taylor20 (1950). For high M liquids the spherical
cap shape is achieved without the bubble surface ever becoming unsteady.
"For low M liquids the bubble trajectory is at first rectilinear,
then, at about the bubble radius for maximum terminal velocity, both
planar zig-zag and spiral trajectories are observed. Finally, the
spherical cap bubbles rise in very nearly linear trajectories. For

low (sic) M liquids only rectilinear trajectories are observed. 21

Figures 48 & 49 show the Haberman and Morton results in terms of the
drag coefficient of the bubbles as a function of Reynolds and Weber numbers.with
M as a parameter. The expression for terminal velocity in terms of drag
coefficient is

U -4/8Tc &
3¢ .
Use of this information to find terminal velocity is of course complicated by the
fact that R and W are defined in terms of this velocity. The present author can
only quote without comment Moore's statement that "it is more illuminating to
consider the drag coefficient Cp rather than U..."

These results show the Revnolds number variation is independent of M
except in the range 10 { R £ 103, whereas the Weber number dependence
varies greatly with M in terms of the location, but not shape or slope (in the
log-log plot) of the curves.

Moore's analysis produced the significant result that the drag coefficient
for a spherical bubble is given by

Cp = 32/R,

zoDavies, R. M. and G. I. Taylor, '"The Mechanics of Large Bubbles
Rising through Extended Liquids and through Liquids in Tubes.'" Proc. Roy.
Soc. A, Vol 200, pp.375-390 (1950).

21Moore, D. W., op. cit.
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Fiouns 1. The drag coefficient as a function of the Reynolds number {reproduced from

Haberman & Morton

11
12..
13.

1953).

. Syrup (Bond), M = 0:92x 10%,

Olive oil (Armold), M = 0-718 x 10,

Water + 62 9, oorn syrup, M = 0-155 x 102,
Water + 68 % oorn syrup, M = 0-212x 10-%,
Mineral oil, M = 1-45x10-3%,

Wator + 56 9, glycerine (Bryn), M = 1:78x 10-'.
Water + 429, glycerine (Bryn), M = 4-18x 10-%.
Turpentine, M = 24-1.x 10-1,

Water + 13 % ethyl alcohol (Bryn), M = 1-17x 103,
Varsol, M = 4-3x 101,

Cold water (filtered), M = 1-08 x 10-1°,

Mothyl alcohol, M = 0-89 x 10710,

Water (filtered), M = 0-26 x 10~.

Figure 48. Moore's presentation of the Haberman and Morton results:

Reynolds number dependence.
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Fioore 2. The drag coefficient aa‘a function of the Weber number (reproduced from
Haberman & Morton 1953).

(a) Syrup (Bond), M = 0-92 x 108,

(b) Water 4689, corn syrup, M = 0-212 x 102,

(¢) Mineral oil, M = 1-45 x 103,

(d) Water+ 569, glycerine (Bryn), M = 1:756 x 10~'.
{e) Water+ 42 9 glycerine (Bryn), M = 4-18 x 10-3,
(/) Methyl alcohol, M = 0-89 x 10-1°,

(g) Water+ 139 ethyl alcohol, M = 1-17 x 10-8,
(A} Turpentino, M = 24-1x 10-1°,

(1) Varsol, M = 4-3x 10-%,

(7) Water (filtered), M = 0-26 x 10-1°,

(k) Cold water, M = 1-08 x 102,

(1) Water+ 62 9%, corn syrup, M = 0-155 x 10-3,

(m) Olive oil (Armold), M = 0-716 x 10-9,

Figure 49. Moore's presentation of the Haberman and Morton results:
Weber number dependence.
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e subject to the restrictions that R is large and W small, and showed that both
conditions can be satisfied in low M liquids. Comparison with the experimental
results showed good agreement except for a slight displacement of the theoretical

curve below cxperimental values.
Extension of the theory to non-spherieal bubbles was also treated by

Moore, but the results were less conclusive and are felt to be beyond the scope

of the present discussion.
The expression C |, = 32/R can be solved for U, giving

2
U = /;are
o p

which gives, for water at 20°C,

U= 1.63 re2 meters/second,

if r, is in mm.
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IV. SCRUBBERS f')

1. Flow Rates and Sizing of Scrubbers

The performance of a gas scrubbing operation involving only solution of a
contaminant with no chemical reaction is limited by the equilibrium relation between

the contaminated gas and the contaminated scrubbing liquid.

For scrubbing gases, the operating lines and initial and final points are
constrained to lie on the side of the equilibrium line on which the contaminant
concentration in the gas is greater than equilibrium concentration at any given
concentration of contaminant in liquid. The slope of the operating line on a gas
phase concentration vs. liquid phase concentration curve is given by the ratio of
liquid flow rate (moles/ area/time)to gas flow rate. Thus if the equilibrium curve
is known, and the flow rate and degree of contamination of the entering gas is known,
and the permissible degree of contamination of the leaving gas is given, the
minimum liquid flow rate (liquid flow rate for an infinitely long scrubber) can be
foundl.
The foregoing obtains for cocurrent as well as countercurrent flow-scrubbers, ‘D
though we are here primarily concerned with the latter. The schematic diagram
(Figure 50 ) shows an example of an equilibrium curve and an operating curve for a
countercurrent scrubber. Crudely speaking, the length of a scrubber is inversely
proportional to the distance between the equilibrium and operating lines. It is
conventional that the equilibrium and operating lines be approximately parallel, as
the equilibrium line permits. With the equilibrium line known, the gas flow rate and
gas initial contamination concentration also known, and with the outlet gas contami-
nation specified, the operating line for an infinitely long scrubber will be the straight
line passing through the specified concentration points, tangent at one or more points
to the equilibrium line, and elsewhere above the equilibrium line. Since the operating
line and the gas flow rate are known, and the line's slope is the ratio of liquid and gas
flow rates, the minimum liquid flow rate is determined. For a finite-length scrubber,

the liquid flow rate is necessarily greater than for an infinitely long scrubber.

1Ca.lvel:'t, Seymour, ''Source Control by Liquid Scrubbing.'™ Ch. 46 in AiR Sy
POLLUTION, Vol. III, ed. by Arthur Stern, Academic Press, New York, 1968. W
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to lie above the equilibrium line. Contact
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Equilibrium curves for air and water contaminated with N‘)H{, CHoNHNH,

(MMH) and NO,,, at room temperature, arve presented in Figure 51,

The concentration of noxious gases immediately over a solution is pro-
portional to the vapor pressure of the liquid. 'The vapor pressure can be cél‘im:lted
from Raoult's law which states that the partial vapor pressure of any constituent of
a solution is equal to the vapor pressure of the pure substance multiplied by the
mole fraction of that constituent in solution. Figures52, 53 and 54 show the partial
pressures in air for mixtures of the various propellants with water as calculated
using Raoult's law, and also the vapor pressure for the solution. (This latter
function varies linearly from the vapor pressure of pure water, onthe left side,
to the vapor pressure of pure propellant on the right side.)

Once the vapor pressure is calculated, the number of moles of each gas per
liter can be approximated by the ideal gas law. (1 atm at 25°C was chosen). The
weights of the gases are calculated and the weight concentrations can be found. The
concentration of the vapor in air is a function of the concentration of the contaminant

in water.

For HNO,, LD

wt conc in air 22.05 (wt conc in water), wt conc in water <.1
For MMH,

wt conc in air 2. 01 (wt conc in water), wt conc in water <.1
For N2H4,
wi conc in airag.025 (wt conc in water), wt conc in water .1
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2. Description of Countercurrent Scrubbers

In the countercurrent packed scrubber, the gas stream moves u ward in a
direction opposite the liquid stream which is moving downward through a packed
bed (Figure 55). This method provides intimate contact between the liquid and
gas streams within the packed beds and gives best results when the scrubber is
operated at the maximum allowable pressure drop. At high pressure drops
maximum turbulence is obtained, enhancing the quick absorption of the gaseous

contaminants in the liquid stream.

A significant advantage of countercurrent flow is that the gas stream, rich in
contaminants, comes into contact with the spent liquor at the bottom of the packed
beds, while the fresh liquid coming in at the top of the sc rubber is in contact with
the least contaminated gas. This characteristic provides a fairly constant
potential throughout the packed bed for driving the gaseous contaminants into
the scrubbing liquid. There is also less chance that the dissolved gases will he
stripped from the liquid.

Countercurrent flow scrubbers are more expensive to operate because of the
high liquid consumption and high pressure drop. Since this design handles the
tougher problem of removing gases, the higher cost of operation is balanced by

the highlv efficient absorption capability of removing gases with low solubility. 1

A detailed presentation of the calculations involved in establishing
scrubber size in terms of incoming and outgoing mole fractions of contaminant
in the liquid and gas streams, and total contaminant quantities, is found in the

chapter by Seymour Calvert cited previously. Among the concerns are contact

surface area, packing density, number of transfer units, height and cross-sectional

area of the tower. Packing density is the ratio of total surface area to volume
for the packing. For example, one inch Raschig rings have a packing density
of 55 ft™1,

1Ceilcote, "Countercurrent Flow Scrubbers'. Téchnical Bulletin 12-3,
February, 1974.
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V. PRECIPITATION OF FLUORIDE FFROM DILUTED IRFNA SOLUTION

OBJECTIVE: To determine how much fluoride can be removed from a diluted IRFNA
solution by treating with a soluble calcium salt.

1. Introduction

IRFNA contains approximately 0.7% HF as a decomposition inhibitor. Fluoride
is a highly toxic substance and its disposal into water streams (as occurs in the
event of treating wastes) must be controlled to low limits set by the E. P. A. The
solubility of calcium fluoride is given as 17 ppm. Theoretically, it should be
possible to reduce the excess CaF, in solution to perhaps the 30-50 ppm level under

2
suitable conditions. With this in mind the following procedure was tried.

2. Procedure

The IRFNA, as obtained from KSC, was diluted to a working solution approxi-
mating 2. 2 to 2, 6% nitrate and about 200 ppm fluoride levels. NaZCO3 was added
to obtain a pH usually between 9.5 and 9.8. A solution of soluble calcium salt, as
CaCl, or Ca(OH),, was added in excess to provide the Ca++ion in at least 2to 5
timcs-the stoichic:metric quantity required for precipitating the contained fluoride
ion. After standing from 1 to 24 hours to allow reaction or crystallization of-Ca F2,
the treated solution was filtered through a millipore apparatus using a 0. 45 micron
pore size filter. Analvses were performed on original and filtered solutions for

NO& and F . The results of the 5 tests performed are discussed below.

3. Results -

The results in Table XXXVII show that in the 5 runs made, the amount of
fluoride removed was 46° in the best case and only 27% in the worst case. An

average of the 5 percentages is 38%.

This is a poor showing, since the working solution contained about 200 ppm
fluoride. With one third removed, the filtrate contained two thirds of the original
amouni, or about 100 to 150 ppm. If the solubility of CaF

2
that figure is six to nine times greater than its solubility indicates.

is 17 ppm (in pure water)

4. Discussion

The poor results may be attributed to non-optimum conditions. Turther, it
is realized that NOE’ interference may be contributing greatly. CaF, is slightly

*
Also see Appendix D
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soluble in acid, particularly in HNO3 which is a very good solubilizing agent. A 'S

- . 3
much more dilute solution may have been more effective for fluoride removal. The
concent ration of HNO,; in the runs was from 2, 2% (o 2, 65, perhaps sufficient (o

account lor the low precipitation of Ca .

H was decided, o this point, to discontinue additional Iaboratory work on this
task and devote the effort to other tasks (reported herein) that were deemed to be
more significant, Therefore, no gravity settling studies or tests under different

conditions were performed.

5. Conclusions

On the basis of the above results, it was concluded that satisfactory removal of

fluoride in a 2.2 to 2, 65 N03 solution was not obtained by the method employed.

TABLE ¥XXVIi

Data on Removal of Fluoride from Diluted IR FNA : “)
Initial "~ Final '
Run Concentration Fluoride % PH Comments
# Nitrate Fluoride Concentration Fluoride
ppm Ppm PPM Removed
1 205 150 27 9.8
2 26,400 195 115 40 9.7
3 26,400 150 80 46 9.7 Best result
-4 22,000 170 105 38 9.5
5 26,400 205 125 39 7.2

Average ~38% fluoride removed
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V. FUME HOOD DESIGN CONSIDERATIONS

1. Introduction

Certain parts of the space shuttle will contain residual fuel after each flieht.
FFor maintenance these parts must be taken apart. Disassembly must be done such
that personnel exposurc to the hypergolic fuel (liquid and vapors) will be kept within

tolerable limits.

A tcchnique which will be used is to disassemble the part in a fume hood.
A fan in the hood creates air flow, which carries the vapor away from the technician
and vents it into the atmosphere or a scrubber. The hood also protects personnel

from spills and splashes.

2. Calculating the Evaporation Rate

The hood considered for purposes of calculation of the evaporation rate has
a table area of 12 sjuare feet (3ft x 4 ft), an air flow rate of 6000 cubic feet per
minute and an air velocity of 1000 feet per minute over the table. The evaporation
rate was considered for the worst possible case - the fuel covering the entire Lable
of the hood (12 ftz). | '

An empirical formula for water was used in lieu of specific information

concerning the evaporation rates of the hyvpergolic propellants:

w= .093 a+ .};—0) (e’-— ¢) (Marks Mechanical Engineering Handbook)
where
w = rate of evaporation in Ibs/hr ft2
V = Velocity in ft/min
e’ = Vapor pressure of liquid, as a function of temperature, in inches
of mercury
e = Vapor pressure of substance in the incoming air in inches of

-mercury

Letting V = 1000 ft/min (5.08 m/sec, or 11,36 miles per hour) and e = 0
gives the result

. ’
wa0.5 e .
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7™
Using this equation, the following maximum evaporation rates were calculated ~j
for various hypergolic propellants at 10°C and 20°C. The 20°C temperature is for
evaporation at ambient temperature, the lower temperature is an estimate to

account for evaporative cooling of the spill.

10°C 20°C
N2“4 1.8 lbs/hr 2.88 Ibs/hr
MMH 1.8 lbs/hr 7.2 Ibs/hr
N,0, 140 lbs/hr 180 lbs/hr
8 202 .45 1b/hr .54 lb/hr

These quantities would be mixed with 28,000 pounds per hour of air resulting
in the following ébncentrationqby' weight) in parts per million.

100C 200C
N2H4 64.5 100
MMH 64.5 358

I 6 ) 4
N202 5000 450 .\D
HZOZ 16.1 19.3

3. Effluent Scrubbing

The question of the treatment of cffluent air from hypergolic fuel fume hoods
has been considered and the results are summarized in Figures 56 and57,. Results
indicate that it would be satisfactory under most conditions to simply vent effluent
from a hood through a 10?1 air mixing section into the atmosphere. A scrubber

may well be used, but should not be considered a necessity.

The calculation upon which the conclusion is based is relatively conservative
in that a flooded hood table is assumed, a rather high flow speed (1000 ft/min) over
the hood table is assumed, and UDMH (with a relatively low boiling point and high

vapor pressure) is considered.
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WORST CASE EXA
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Figure 57. Fumc hood with scrubber.
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VII. WASTE HANDLING AND FACILITY LOCATION CONSIDERATIONS

A. SOURCES OF, AND DISPOSAL SITES FOR, SPACE SHUTTLE HYPERGOLIC
PROPELLANT WASTES

1. Introduction

In general, holding ponds and reaction ponds are recommended for
contaminant disposal in preference to burners - flare burners or sudden
expansion burners. The holding ponds are generally cheaper than burners,
do not require the auxiliary fuel which burners need, and they are quieter,
easier to operate, operate at lower temperature, and require less frequent

monitoring and attendance.
On the other hand, ponds probably can accept only liquids, so that

scrubbers are required for vapors - see Section VI of the portion of this
report on "Alternative Disposal Concepts, " however, for an investigation of

o
274
space, and often result in lcnger-term rather than immediate disposal. Again,

direct vapor phase addition of N to holding ponds. Ponds require more
however, some of our work reported in earlier sections has been concerned

with ways of obtaining faster decomposition in holding ponds.

while holding ponds are less portable than burners, this disadvantage is
probably not serious except in the case of the contingency landing site. The
tools to carve a holding pond are usually close at hand, and lining material can
be moved in easily and assembled. Combustors would still have their place
where disposal action needs to be initiated as quickly as possible and completed

as soon as possible.

2. Launch Site

During the fueling operation approximately 480 gallons of nitrogen tetroxide
and substantial MMH might be vented into the air and an undetermined quantity
might be spilled. The liquid can be removed from the contaminated area by
flushing the surface with water or by evaporation. The vapcrs can be removed from
the vent gas by scrubbing. Scrubbing removes noxious gases from the air stream
by a gas absorption process. This process involves the transfer of the vapor from
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the gas phase into a liquid in which it is soluble., This process is dependent on the

solubility of the gas in the liquid and the intimate contact the gas makes with
the liquid.

Another method for recovering the N, O, vapors is recondensation.

Recondensation involves cooling a mixture of ‘;ases below the dew point of the
constituent to be removed and collecting the condensed liquid in a suitable
container. The part (or percentage) of the contaminant which is removed by
recondensation depends on the temperature that the mixture can be cooled to,
as well as the constituents of the mixture itself, and can be quite small. The

use of recondensation to recover vaporized fuel awaits further development.

Once the wastes have been collected they must be transferred to a
disposal site about 1000 feet away. Since the scrubbers. if used at the launch
site, would be located 50 feet abcve the surrounding ground level, gravity may
be used to transport the liquid from the scrubber. The distances involved do
permit a drop/run ratio of 1/20 in the drainage system and two 6 inch pipes may

prove to be appropriate for the flow rates from scrubbers.

The proposed disposal site is located approximately 1000 feet south of the
center of the launch pad (Figure 58). The 1000 feet gives an ample downwind
clearance at all points on the pad and is outside the 700 foot downwind safety
perimeter of the two existing fuel bunkers. Its position near the proposed
storage tanks leaves room immediately north of the pad for further development

without vapors from the ponds creating a potential safety hazard.

There are several types of ponds proposed. 1n an oxidation pond, the
fuels are allowed to react with dissolved oxygen with the help of bacteria
according to the equations:

_____’.bact_erla N, + 2NH, + H,O

Hydrazine (1) 2N,H  + § Op=—F 2 3 2

(& N,H, + O,~»2H,0 + N,
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MMH (1) (CHy) NyH, + O~ 2NHg + CO, * (CH))

2) (CH3) N2H3 + 2.5 OZ—DCO2 + 3H20 + NZ &+ CH4)

A neutralizing pond is where the oxidizer, N204, reacts with calcium

carbonate in an aqueous solution according to the following reactions:

N 04 + H2O—-DHN02 + HNO3

2

HNO2 + CaCO3—-DH2C03 + Ca(NOZ)2

HNO, + CaCoO —bHZCO + Ca(NO

3 3 3 3o

Hch3 — CO2 + H20
or, indeed, where any of the propellants reacts with any sort of neutralizing
reagent, as described in the portion of this report on "Evaluation of Current

Disposal Concepts. "

A reaction pond is where the fuel and oxidizer are allowed to mix and
react; for example:

llvdrazine N2H4 + N204--b N2 + 2NO + 2H20

MMH (CHy)N,H, + 2N,0,~#3/2N, + 3NO - CO, + H,0

Since more N020r N204 is expected to be emitted from the fueling process than
*

MMH, it is expected that collected MMH emissions will be insufficient to

neutralize collected NO2 emissions and another neutralizer such as CaCO3

will have to be used in the holding pond at the launch area.

*
As a result of its higher vapor pressure.
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3. Orbiter Processing Facility

At the end of ez}ch flight the shuttle will be disassembled at the orbiter
processing facility. At the O.P. F. large quantities of concentrated and dilute
propellants will have to be dealt with. Two scrubbers at the O. P. F. with an
air flow rate of 40, 000 fts/min and a liquid flow rate of 600 GPM will produce
effluent at the rate of 2.8 ft3/sec. If E}xis effluent is to be piped to a pond,
two pipes 8 inches in dilameter, each _ﬁtted with a 1.5 Hp pump,may be a suitable
combination to transport the liquid. The residual fuel may be collected in a
tank truck or drums. a -

-

The location of the proposed pond is about 2000 feet west of the O. P. F.
(Figure 59). Thxs posltio,n,gwes a safety pernmeter of more than 700 feet
from the O, P,F. ,» V.A.B. and er nearby facilities as well as the highway.

\\

~
4. Hypeggp_lxc Maintenance FAicihty T

o -

At the hypergolic mainfenan®e facility) small parts from the shuttle
small quantities hypergolic fuqls will be cleaned and repaired.
‘and the air stream from the

< If done, this will create small

of estlmation.\ The total rate of hquid discharge for the four hoods is 0.8
ft /sec. \ et e

Once these wastes are collected, they must be transported to a holding
pond about 200 feet or more away from t_ljze;.scr\ﬁ)bc;ars (Figures 60 and 61). This
may be done by piping the effluent to the pond. 'Since only 5 feet of head is
created due to the difference in liquid height a pump may be required to supply
a sufficient head to overcome the friction head in a 5 inch pipe. A larger pipe
with appropriate traps may be used in lieu of the 5 inch pipe and pumps.

Since small quantities of diluted hypergolic fuels will have to be disposed the

289



Anpioey Suissoooad J9)1qa0  * gg 8an31d

SITN 2O HoN//
F7VOS LYW/ XONIT Y

4 Za]

onvoo
. DN/ O 204
OFSOAOS

o

°

FSSO

O

290



TNV O . HIN//
FIVOS FLYW/XONISV

SONOS IN/LS/XT

-

*

o

Annioey eouruajurew orjodrediH

AL 7OVS
FON VN TLAIVIV
O OIS TFSAH

-

FL/S
OV
075 A0S

AN

*09 oIn31g

291



A3owe] ooueuduitiu MjoiaadaH 19 2anBig
. ‘ OV O
YN TFIT7DOS :
WO S Fre
S7IAF7 d Jh
Or 2O/ 7 87 T MY T/, 5 TAL -
QU T TILEIY D 57 THIH S0 5 5 \l

¥

Ly () ew

292



safety perimeter can be less than 700 feet. The diluted fuel can be piped to
a pond 200 feet east of the hypergolic maintenance facility provided the pond
is lined with a suitable material. A holding pond may also be constructed

200 feet west of the hypergolic maintenance facility.

5. End of Runway

If a shuttle should be leaking fuel upon landing it may be desirable to
dump the fuel as near the landing site as possible, rather than tow the vehicle
to the O.P. F. The fuel may be transferred into a tank or pumped to a nearby
pond (Figure 62.)
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B. ROUGH COST ESTIMATES FOR TRANSPORTATION OF HY PIERGOLIC
WASTES 'ROM COLLECTION TO DISPOSAL SITES

1. Introduction

At the launch site vapors from the hypergolic propellants are vented at the
rate of 3 gal/min during the loading operation. It may be necessary to remove
these vapbrs from the air by scrubbing. Scrubbing produces a fuel plus water
solution which must be treated at a holding pond or elsewhere. Any fuel spills
which occur must be washed with water or other solvents which produces an
effluent that must be transported to a holding pond for treatment.

At the landing site residual fuels must be disposed of before the shuttle
is taken to the O. P. F., which means transporting the propellants from the

shuttle to a treatment facility.
Several means of transporting the propellants are considered.

2. Transporting the Effluent in Drums

One method considered is to transport the waste in 55 gallon drums or
a tank truck. At the landing site small quantities of concentrated fuels will -
have to be dealt with. If the hypergolic fuel vented in the transfer from the
shuttle to the drum or tank truck can be kept within tolerable limits, the use
of stainless steel drums may be the most economical method of transporting

the propellants,

3. Some Initial Cost Estimates for Transporting Fuel From the Landing Site
to the Holding Pond.

a. Using Stainless Steel Drums and a Truck

30 - 55 gal. S.S. drums @ $208each - $6000
1 truck - flat bed @ $5000 each - $5000
$11000
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b. Using 1000 gal. Stainless Steel Tank Truck r>

1 1000 gal tank @ R2230 - $2230

1 truck @ $3500 - $3500
$5730

c. Using 3000 gal. Stainless Steel Tank Truck

1 - 3000 gal tank @ $6800 - $6800
1 truck @ $5000 - 5000
$11800

4. Pumping the Effluent

To transport the water-fuel solution from the launch pad to the holding
pond the pump must overcome the pressure head plus the friction head. For
calculation purposes it was assumed that the flow rate of liquid from the
scrubber was 1.33 ft3/ sec (600 gpm), the head 10 feet and the pipe 1000
fcet long and relatively straight. Various diameters of pipe were chosen and
the loss of head per 1000 fect of pipe was found on a pipe-flow diagram. By O
knowing the loss in head the horse power needed to pipe the liquid was
calculated by the following equation: ‘ ’ ’

Hp = 1.48 + ,148X

where X is the loss of head in feet. The pipe diameters with the corresponding

friction heads and required pumping horsepower are as follows:

Diameter of Pipe Friction Head Horsepower Required
3 inches 800 feet 118
6 inches 35 feet 5.2
9 inches 5 feet - 3.25
12 inches 1 foot 1. 62

These estimates are made for the very high flow rate that was assumed.
The flow rate was based on a requirement for 99% removal of NO2 from an air
stream containing small amounts of NO2 initially; for many applications, much

smaller flow rates are anticipated. \)
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IFlow rates in lueling site scrubbers are hased on the steady -state
assumption; assumption of the use of single-pass countevcurrent scrubboers;
a contaminant loss rate of 3 GPM; contaminant weight fraction concentration
in the outlet gas just below the 1 hour E.E. L. - 10 ppm for MMH and 7 ppm
for NO,; and a 99% contaminant removal in the scrubber.

It folows that the weight fraction of NO2 in the scrubber inlet gas is ‘
7x 10" and of MMH is 1073, At equilibrium (implying a scrubber of infinite
length), from the equilibrium curves of Section III. C. 1, the weight fraction
of I-INO3 in the water outlet of the scrubber is 2 x 10—2 and of the MMH at the
scrubber water outlet is 10 L. A 3GPM flow of N,0, implies 34 Ibs/min

while a 3 GPM flow of MMH
implies a 22 lbs/min flow. Thus the minimum water flow rates under these
conditions in infinitely long scrubbers are (34/2x10-2) Ibs/min or 215 GI’M
in the NO, scrubber, and (22/10_1) Ibs/min or 28 GPM in the MMH scrubber.
These flow rates would increase substantially to provide the transport

potential necessary in a finite length scrubber.

Although stainless steel might be required for pipes carrying these
propellants at the launch site, it may be feasible in some applications to use
a cheaper material that is resistant to diluted fuels, such as polyethylene or
P.V.C.

5. Some Initial Cost Estimates for Transporting Fuel from the Launch Pad
to the Holding Pond

a. Stainless Steel Pipe -
9 inches in diameter 3/16 inch thick, at $38 per foot, will cost $38, 000
per 1000 feet. '

b. Cast Iron Pipe -

9 inches in diameter, 1/2 inch thick, at $25 per foot, will cost $25,000
per 1000 feet.

c¢. Excavation _
2 - 3 feet deep, at $1.50 per foot, will cost $1500 per 1000 feet.
8 - 12 feet deep at $10 per foot, will cost $10,000 per 100 feet.

d. Stainless Steel Drums

55 gal.,23 inches in dia. by 35 inches high at $208 per drum, will cost
$47,500 for 227 drums.
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C. DUMPING OF HYPERGOLIC PROPELLANTS FROM DRUM
TYPE CONTAINERS

1. Description of Dumper

A commercially available dumping device (Figure 63) such as manufactured
by the IIERCULES INDUSTRIES CO., their Catalog No. HI-110, or equivalent,
is recommended. The dumper can handle various size _drums up to 24 inches
in diameter and has a lifting capacity of 750 lbs. The drum is securely clamped
into a concave cradle and swung through an arc of 135 degrees, stopping at an
angle of 45 degrees above horizontal. The dumper is powered by an explosion
proof electric motor and a hydraulic cylinder. It can be modified for remote
control by installing an additional motor control switch, and extending the
needle valve control using a flexible shaft to the remote site. List price of
the dumper is $1125.00

2. Description ¢f Drums

Drums should be the end opening type, one large ta};ped hole near the ;,-)
cdge for filling and emptying and onc small tapped hole diametrically opposite s
for air venting. Both holes should have manually operated valves in closed

position,

3. Loading Drums into Dumper

Loading a full 55 gallon drum will require a hoisting device and a
Grizzlv No. 235 Vertical Drum Lifter (Figure 64). The drum is placed in the
dumper with the large valve forward and clamped securely with the adjustable

hold-down clamps.

1. Dumping Operation

To prevent wind-borne spray and vapor escape during the dumping operation,
a stainless steel flexible hose is attached to the large valve on the drum and the
other end of the hose placed in the disposal facility (Figure 65). Both valves

are then opened. All personnel should be cleared from the area and the dumping
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0 3/16"” STEEL CONCAVE DUMPING CHUTE
0 ADJUSTABLE HOLD-DOWN CLAMPS
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PLATED RAMS

© PusH BUTTON CONTROLS

Figure 63, The Hercules dumper.
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@ PORTABLE OR STATIONARY MODELS

@ HANDLES EITHER STEEL OR FIBRE CON-
TAINERS — UP TO 24" IN DIAMETER

® 750, 1000 AND 1500 POUND STANDARD
CAPACITIES, INCREASED CAPACITIES
AVAILABLE

@ SERVICES HEIGHTS FROM 36" TO 60"

° MANUAL NEEDLE VALVE LOWERING

IFINIJ-(?SNGE-MOUNTED PILLOW BLOCK BEAR-

o 3/16" STEEL SIDE PLATES

o 6" DIAMETER LOAD WHEELS AND CASTERS
ON PORTABLE MODELS
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controlled from a site at least 10 ft. remote. Actual flow of the liquid into q
the hose does not start until the drum is swung approximately 30 degrees from
vertical. At this point accurate and sensitive control of the swing velocity

should be maintained to ensure the level of the liquid does not rise so fast as

to flow out of the air intake vent.

A means of controlling the slack in the hose induced by the swinging
action of the drum can best be determined by trial. Sh_ould it prove impractical
to maintain accurate and sensitive control of the swing velocity, an alternate
method to prevent leakage from the air vent is possible by attaching a mast
to a stationary portion of the dumper and extending a flexible hose from the
air vent on the dumper to the top of the mast. The highest point of the hose

should be higher than the highest point of the drum at full dump position.

302



I3t/

VIII. ASPECTS OF DISPOSAL AT CONTINGENCY LANDING SITES

1. Introduction

If the shuttle should be forced to make an emergency landing at a
contingent landing site that does not have the proper facilities to dispose
of the fuels, the problem arises as to how these propellants can be disposed
of safely, economically, and in an ecologically safe way. Up to 30,500 Kg (8000
gal) of hydrazine and 42,000 Kg (8000 gal) of nitrogen tetroxide could be on
board the shuttle when it lands. Many different means of resolving the
problem are available; here a few will be considered.

2. Disposal Methods

a. Using a Flare Burner to Dispose of Nitrogen Tetroxide

The flare burner is used to dispose of nitrogen tetroxide by igniting a
mixture of Nzo 4 vapors and hydrocarbon fuels. The stoichiometric equation
for this reaction (propane assumed) is:

5N204 + 203H8—b GCO2 + 8H20 + 5N2

Satisfactory operation can be obtained at over—stoichiome'tric conditions
(fuel-rich).

A weight ratio of propane to NZO 4 which is a little less than .45 results
in less than 200 parts per million NO production (1). To dispose of 42,000 Kg
(92, 400 1bs) of N20 4 would require 18,900 Kg (41, 600 1bs) of propane. Such
flare burners could be fired by other hydrocarbon fuels. The flare burner has
a fuel flow rate of . 076 Kg/sec (10 lbs/min) and would require about 6 days

to get rid of the nitrogen tetroxide.

b. Disposing of N2H 4 by Bubbling Air Through a Water-Fuel Mixture or by
Destroying it in a Sudden Expansion (SUE) Burner.

At the contingent landing site a SUE burner or an aerated holding pond
may be used to destroy the hydrazine. In the holding pond air oxidation and

lSee page 113.
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bacterial action slowly convert hvdrazine into nitrogen, ammonia and water.
Aeration by bubbling air through the fuel-water solution will accelerate the
decomposition by making oxygen readily available to the hydrazine. The use
of copper sulfate as a catalvst will further speed the decomposition; see
Section III. A. above. The holding pond would probably have to be built

on the spot,-when needed, to a standard design. It is possible that a portable

unit-perhaps in sections - could be designed.

An alternate method of disposing hydrazine would be to use a SUE
burner. It can incinerate hydrazine at the rate of . 146 liter/sec (140 gal/
hr), taking about 57 hours to burn 30,500 Kg (8000 gal) of hvdrazine. The
SUE incinerator renders the hydrazine into environmentally safe products
according to the reaction,

oH

N H, + Cg

8 + 602 + 6(3.16)N2—-)6(7.76)N2 + CO2 + 6H20

+ O, +(traces of H, + NO_ + CO + N,H, + HC - NH,)

)

¢. Mixing Fuel and Oxidizer Stoichiometrically in a Holding Pond

, An advantageous alternative to using the flare burner to dispose of
N20 4 and the holding pond or SUE burner to dispose of the hydrazine would
be to mix both the NZO 4 and the hydrazine in a holding pond of suitable size.
In the holding pond the fuel and oxidizer can be mixed in the proper ratios to
neutralize one another. The chemical reaction is exothermic and the

temperature of the pond will increase.

To accommodate the amount of fuel on the shuttle, while keeping the pond
within 30°C of ambient temperature would require 2820 cubic meters (8.9 x
105 gal) of water (see Section 1I. A. above). This process is relatively safe,
the products of the reaction evolving as harmless gases. A possible problem
is that NZO 4 boils at 21°C (710F) at sea level, and still lower temperature
at higher elevations, making it difficult to dispose of if the temperature of the
pond is greater than this boiling point. Two possible solutions would be pre-
dilution in cold water then releasing it into the holding pond, or slowly
releasing the N204 from the bottom of the fuel rich pond and allowing it to
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react with the fuel as it bubbles to the surface. If the pond is deecp enough,
hydrostatic pressure will help to prevent vapor formation. Roughly speaking,
the boiling point of N,O 4 inc reases one degree Fahrenheit for cach foot of

pond depth, at 687,
d. Evaluation

The disadvantage of the flare burner is that it requires large quantities
2O 4 Since about 19,000 Kg (42,000
1bs) of propane would be needed to dispose of the N,O, on the shuttle and since

274
the price of fuels is increasing, the cost of disposing N20 4 by this method may

of hydrocarbon fuels to destroy the N

be exorbitant. The combustion of the flare burner must be carefully monitored
because operating it in an oxidizer rich mode will result in the emission of
hot NO and NO2 gases. If the flare burner is used, a method to dispose of

the hydrazine must be used in conjunction with the flare burner.

The hydrazine could be decomposed (air oxidation) in a holding pond, or
neutralized with the Nzo 4 OF it could be destroyed in a SUE burner. One
disadvantage of using a holding pond is the lack of portability; it might have
to be constructed wherever the shuttle would land. The hélding pond could
take several days to construct. It would be used only once, which would make
this method economically questionable. On the other hand, it is possible that
an air transportable holding pond, perhaps using stainless steel or plastic
modules, could be designed.

The SUE burner would have the portability but it also requires a
supplementary fuel.
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APPENDIX A

VAPOR PRESSURE AND DISSOCIATION CURVES

These curves are plots of the empirical equations presented in Section I1. A
of the portion of the report on ""Alternative Disposal Concepts. "

Figure A-1: Vapor Pressures of NzH 4 MMH, and UDMH

Figure A-2: Vapor Pressure of N20 4 NO2

Figure A-3: Dissociation of N,,O4
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APPENDIX B

MONOMETHYL HYDRAZINE (MMH) ASSAY

Re nts

(1) p-Dimethylaminobenzaldehyde (DAB) solution
Must be prepared fresh each day
2.0g. DAB, 90 ml. Methanol, and
10 ml. of concentrated HCl

(2) Standard MMH Solution
1.00g. MMH is diluted to 1.0 liter with

HZO - stock solution

1 ml. of above stock solution is diluted with HZO to 100 ml. -
working solution

Procedure - Standard Curve » _ i;)

Into six 10 ml. volumetric flasks, pipet 5 ml. DAB reagent. In order,
pipet 1, 2, 3, 4, 5 ml. of working MMH standard and to the sixth flask
add 5 ml. H20 (reagent blank).

Dilute these solutions as needed to 10 ml. with HZO’ mix well and let
stand 30 minutes. Determine absorbance on a suitable spectrophotometer
at 485 mm.

For sample determination, prepare appropriate dilution to obtain a final

concentration in 10 ml. flask of 1.5 micrograms/ml. Use 5 ml. of this
solution and 5 ml. of the DAB solution.
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APPENDIX C

NOTES ON SCRUBBERS

Scrubbing of Nitrogen Tetroxide

A.

B.
C.
D.

Descriptions of Scrubbers Used for Hypergolic Propellant Vapors

A.
B.
C.
D.
E.

Theoretical considerations
Performance results
Expert opinions
Conclusion

Hamilton Standard's Gemini and Saturn scrubbers
Hamilton Standard's NASA-Goddard hydrazine scrubber
The Peabody oxidizer scrubber '

The Nolte hydrazine scrubber

The Rockwell scrubber system
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1. SCRUBBING OF NOTROGEN TETROXIDE

A. Theoretical Considerations

Dinitrogen Tetroxide (NyOy4) is the oxidizer of choice in the Shuttle
program. N,O 4 and nitrogen dioxide (NOZ) always exist as mixtures which
reach equilibrium rapidly. The relative proportion of each is determined

by concentration and temperature, with high temperature and low concentra-
tion favoring the formation of NO2 at the expense of NZO 4 'Scrubbing of
NO2 - NZO 4 presents formidable problems because of the low solubility of
these agents in water and also because NO is formed during the absorption
of NO2 and N20 4 in water according to the following equation:
3 NO2 (or 3/2 N204) + HZO———’ 2HNO,; + NO

As nitric oxide is only sparingly soluble in water, oxidation to NO2 must
take place in the gas phase before significant absorption of the evolved nitric
oxide can occur whenever more than a few p.p.m. of N02 are being absorbed.
The oxidation of NO (the rate controlling step in the absorption of low con-
centrations of nitrogen oxides) is concentration dependent as seen in Table C-I,
which shows the time required for half the NO present in air at various con-
centrations to be oxidized to NO, at standard temperature and pressure.

TABLE C-1

OXIDATION RATE OF NO IN AIR

NO conc. Time for half NO
in air, to be oxidized
ppm to NOz, min
20,000 .175
10,000 .35
1,000 3.5
100 35
10 350 (5.84 hr)
1 3500 (58.4 hr)

Whereas it takes 10 seconds for half the NO to be oxidized to NO2 when
the concentration is 2% by volume in air, it takes nearly 60 hours for half the

NO to be oxidized when the original concentration is 1 ppm. The oxidation

312



rate for all concentrations increases at higher pressure.
It may be concluded from these facts that:

(1) multistaged absorption equipment with long gas retention times
for oxidation of NO between absorption stages is required for
the high efficiency collection of nitrogen oxides from flowing
air st reams;

(2) it is impossible to reduce effluent concentrations below a few
hundred parts per million NO_ in absorption equipment of practical
dimension when the entering &oncentration is in the percent range;

(3) the effluent NO_ concentration tends to be insensitive to increases
in inlet concenfations because of the greatly increased oxidation
times associated with lower concentrations of NO;

(4) addition of neutralizing chemicals (e.g. NaOH) to the scrubbing
liquor has little or no effect on absorption rates for NO_ or on
overall efficiency in a multistaged absorption unit as bask pressure
of solute from the solvent is seldom an important resistance to
NO_ absorption in air pollution control applications; but use of
chéhicals may be necessary to reduce waste water volume by
permitting recirculation of the scrubbing liquor.

Experiments1 conducted in an 8.5 inch diameter counter current tower
packed with 5 feet of 1/2 inch Berl Saddles indicated that no permenant im-
provement in Nox removal results from recirculating an alkaline scrubbing
solution because of the inhibitory effect of accumulations of NaNO2 on the
.absorption efficiency of the resulting mixture. .

The slow oxidation of NO in air can be improved2 by adding an oxidant
such as KMnO 4 to the absorption liquid so that NO formed during the hydra-
tion of NO,, can be oxidized in the liquid phase (and made water soluble)
before it escapes from solution because of its limited solubility. When
KMnO 4 Was added to the alkaline scrubbing liquor, absorbability increased
by a factor of 20% for the operating conditions employed. The principal
problem associated with the use of KMnO 4 in absorber _scrubbing liquor in
addition to the high cost of the chemical is the formation of an insoluble
MnO, precipitate which can cause fouling of the absorber packings. Perhaps
substitution of KMnO 4 with hydrogen peroxide (H202_) would provide the
necessary oxidation without any associated residues.

! pirst, N. W. and J. J. Viles, Jr., "Cleaning of Stack Gases Containing High

Concentrations of Nitrogen Oxides. ' Journal of the Air Pollution
Control Association, Volume 21, 122-127 (1971).

2 Ibid.
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B. Performance Resulls

First and Vilus" also describe (he vesults of a series of tests performed
on a 16-stage cross-flow NOX gas absorber containing 37 micron diameter
curled glass packing. ‘

Details of the unit are shown in Figure C-1. ‘ -

The manufacturer was the Buffalo Forge Company, and the overall con-
figuration is quite similar to that of the Hamilton Standard Gemini and Saturn
scrubbers, which were also fabricated by Buffalo Forge. (See SectionII. A
below for further description of these units.) Each absorption stage had a
face area of 1.25 sq. ft. and contained a 4 inch depth of Owens-Corning K-115
curled glass fibers packed to a density of 2/3 pounds per cubic foot. Fifteen
stages were wetted with nozzles having an orifice diameter of 0. 170 inches,
and delivering 2.5 g/minute at 8 psi. The sixteenth stage was operated dry
and served as an eliminator to prevent emission of airborne droplets. The
nozzles were serviced from a fresh water supply and waste water drained .
from the sumps connecting the cells to the bottom of the absorber casing. It n)
was intended that the liquid would rise in the sumps to a level well above the
drainage holes leading from the compartments and thereby provide effective
air seals between the stages.

Performance tests were conducted under a variety of conditions. Pro-
visions were made to measure temperature, flow rate, and the composition
of gas and liquid streams entering and leaving the absorber. The following
results were obtained:

(1) Pure N 0 mixtures at gas temperatures from 78 to 132° and
scrubbmg water %emperatures from 40 to 74° were reduced to 30 ppm
at exit from the scrubber because with little or no inert gas present,
the gas absorber approximated an infinite retention time reactor after
the flowing gas volume shrank to very small values.

(2) In tests in which conditions were held constant except for NO inlet
concentration, outlet concentration appeared to be largely un&fected
by very large changes in inlet concentration; i.e., in one series of
tests a thirteen-fold increase in NO, inlet concentration (2000 to
26, 700 ppm) produced no s:.gmflcanf?' increase at the outlet. When
outlet concentration was plotted on log paper against average gas
velocity through the scrubber, the residual concentration appeared

3 Ibid.
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to be approximately proportional to the square of the gas flow velocity.

(3) The outlet NO
ture,

2 concentration increased with a rise in water tempera-

(4) Pressure of several atmospheres would be required to produce a marked

improvement in absorption at low concentrations of NOZ'

Results of nitrogen oxides removal in the scrubber under a variety of operat-
ing conditions are summarized in Table C-II, Known gas volumes were displaced
from the scrubber inlet and outlet into dry (previously desiccated) gas sampling
flasks by means of gl